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Abstract 
Mixed sandwich complexes containing both the cyclo- 
pentadienide and cyclooctatetraenide moieties have been 
obtained for a variety of lanthanide metals. Difficulties 
were encountered in the syntheses, and these were, in 
part, attributed to the formation of the dinuclar com- 


plexes, M, (CoH The (C-H.)M(CoH,) complexes, when 


g) 3° 
isolated from tetrahydrofuran contain a coordinated THF 
molecule; thus giving evidence for the Lewis acidic 
character of the mixed sandwich complexes. This behavior 
has been investigated and adducts with cyclohexylisocyanide, 
pyridine, ammonia, and 1,10-phenanthroline have been 
isolated. The mixed sandwich complexes have been shown 

to be weaker Lewis acids than the corresponding M(C,He) 3 
derivatives and this has been attributed to the presence 

of the more reducing cyclooctatetraenide moiety. The 
infrared and NMR spectral data of the complexes indicate 
pentahapto and octahapto bonding modes of the carbocyclic 
rings, although additional interactions through solid 

state aggregation in the base free compounds cannot be 
ruled out. The spectral data suggest a greater interaction 
between the lanthanide ion and the C,H, ring than with 


8° 8 
the CoH. moiety. The chemical and spectral data show 
that the mixed sandwich compounds are highly ionic rela- 
tive to related actinide derivatives. However, the 


observation of ring-metal skeletal vibrations in the Raman 
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spectra, charge transfer bands tailing into the visible 
region, and metal-ring coupling in the 13, NMR spectrum 
of the Y complex seem to indicate that some covalency 
does exist in the bonding of these complexes. 

The synthesis of hydrotris (pyrazol-l-yl)borate, 
HBpz4 , complexes has been extended to the lanthanide 
metals. The air stable M(HBpz,) 3 derivatives and the 


hygroscopic (HBpz MC1l -xTHF complexes have been 


3)n 3=n 

obtained. The infrared spectral data of the tris complexes 
indicate the presence of two solid state structural 
classes, one for compounds with the early and the other 

for the late lanthanide metals. It was postulated that 

the eight coordinate structure found for the Yb complex 
represents the prototype for the structure of the late 
lanthanide derivatives. The structure of the early 


we NMR spectra of 


Members awaits X-ray analysis. The 
the chloro derivatives were taken to indicate symmetrical 
tridentate bonding of the HBpz moiety. The synthesis 

of organolanthanide derivatives containing the HBpz 
fragment met with limited success. Although (HBpz,)M- 
(CoHe) complexes could be isolated, o-bonded compounds 
were not obtained. 

The synthesis of M(N*pr5) 4 derivatives was attempted 
and with Pr a reasonably pure complex which also contain- 
ed coordinated THF could be isolated. The utilization 
of these diisopropylamides as starting materials for the 


synthesis of other lanthanide complexes has been thwarted 


by their delicate nature. 
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PART I 
CHAPTER ONE 
INTRODUCTION TO ORGANOLANTHANIDE CHEMISTRY 

1. General Consideration 

The lanthanides are the fourteen elements following 
‘lanthanum in the Periodic Table in which the 4f orbitals 
become progressively filled upon proceeding from cerium 
to lutetium. These elements form the longest continuous 
series of chemically similar elements in the Periodic 
Table. Lanthanum, although strictly not a lanthanide, is 
a prototype for the chemical behavior of these elements. 
Thus the term lanthanide is often taken to include lanthanum 
itself. 

The chemistry of these elements is predominantly 
ionic, and is essentially that of the 3+ oxidation state.* 
It is governed primarily by the size of the tripositive 


ee The ionic radii of scandium, yttrium, and the 


ions. 
lanthanide metals are collected in Table 1. These radii 
show that yttrium, which lies above lanthanum in Transition 


Group III, can operationally be included to advantage 


in the discussion of lanthanide chemistry. 


* 
Although the 2+ and 4+ species are also known, the most 


stable ions being those which thus attain the f° (Ce"'), 


1 (puts Tht) and fyb) cont 1gurations. 
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Table 1. Electronic Configuration and Radii for the 


Tripositive Ions 


34 
Element symbol. Bleetronie H" Tonic 
ou CN 6 CN 8 
‘Scandium Sc [Ar] ~745 -870 
Yttrium Y [Kr] -900 L019 
Lanthanum La [Xe] O52 P60 
Cerium Ce (el es 1e0Y Tha 
Praseodymium Pr 4£2 299 LSL26 
Neodymium Na at? 983 1.109 
Promethium Pm ae -97 1.093 
Samarium sm 4f° Poss’ i 07 ol 27). 
Europium Eu 4° 59471 Ne12 tn oeEtL.25)° 
Gadolinium Gd at! 938 1.053 
Terbium Tb 4£® 923 1.040 
Dysprosium Dy at? [oT 1027 
Holmium jen gen? 901 1.015 
Erbium Er agit 890 1.004 
Thulium Tm wee 880 994 
Ytterbium Yb gt? .868(1.02)7 .985(1.14)2 
Lutetium Lu aei4 861 977 


Reference 4. 
Values for coordination numbers six and eight; CN 6 


and CN 8 respectively. 


Only those electrons outside the closed rare gas shell 


are indicated. 


at cP 
Radii for mM? ions. 
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Scandium however, by virtue of its smaller size, has 
chemistry sufficiently different that its inclusion in 
the present synopsis is not warranted. Thus the term 
lanthanide, as used in this thesis, will be allowed to 
encompass the elements lanthanum to lutetium and what 
is said concerning the lanthanides will be understood 
to apply to yttrium as well unless this element is 
specifically excluded. 

The initial investigations of the chemistry of the 
lanthanides dealt with the study of the coordination of 
the tripositive ions particularly with ligands of high 


Ee ‘ ; : 
. Two immediate observations were 


electronegativity. 
made: (i) the complexes possessed high coordination numbers 
(greater than six); (ii) the 4f orbitals were not sub- 
stantially involved in the bonding to the ligands. The 
lack of 4f orbital involvement was attributed to the 


6 octet which 


shielding effect of the completed 5s°5p 
prevents strong metal-ligand interaction. The unavail- 
ability of the 4f orbitals and the relatively large size 
of the tripositive ions are two factors which have been 
said to account for the largely electrostatic character 
of the bonding as determined from magnetic and spectral 
data, and ligand lability.1/6/ 

A general comparison between the bonding and the 


coordination properties of the lanthanide and 3d transi- 


tion metal ions, taken from reference 3, is given in 
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Table 2. A substantial difference is immediately apparent. 
This is particularly true in reference to the use of the 
partly filled valence shell orbitals, which for the 
d-transition series generally are involved in strong 
metal-ligand interactions. The geometry of the complex 
results from the directional properties of the bonding 
which helps to maximize this interaction. On the other 
hand, for the lanthanide ions the coordination number 

and configuration around the metal are mainly the result 
of a balance between non-directional electrostatic 


eeeees ae 


A property of the lanthanides which influ- 
ences both coordination number and geometry is the 
shrinkage of the ionic radii as the 4f orbitals are 

filled. This “lanthanide contraction", as it is;).commonly 
referred to, is a result of the imperfect shielding from 
the nuclear charge of one f electron by another f electron. 
Thus as the ionic size decreases the repulsion between 
ligands in the coordination sphere increases and the 
coordination of the lanthanide ion sometimes decreases 

as one proceeds across the series. In the case of 


yttrium coordination numbers of 7, 8, and 9 are equally 
common. 

Although the involvement of the 4f orbitals in 
bonding Gf rehe lanthanides is ‘small ‘compared to) the: role 
of d-orbitals for transition metal ions, nevertheless, it 
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in determining some of the chemical and physical 
properties of the lanthanide complexes. Studies involving 
complexes of the lanthanides can be used to expand the 
basic understanding of the chemistry of this series and 

to provide a comparative basis for the lanthanide (4f) 

and actinide (Sf) series. | “Iit-ts for the” Tatter*series 
that more extensive involvement of f-orbitals in bonding 
is expected primarily due to the increased radial extent 


of the 5f- as compared to that of the 4f-orbitals.® 


2. Organometallic Compounds 

The preceeding paragraphs do not constitute an 
exhaustive survey of the bonding in lanthanide complexes, 
but they do indicate the prevalent feelings at the time 
of the initial syntheses of organometallic complexes of 
the lanthanides. As will be seen, certain researchers 
will slightly modify these bonding ideas, but the main 
conclusion that the bonding in organolanthanide complexes 
2S primarily ‘tonic Pamsanste a 

The organometallic chemistry of the lanthanides is 


107,22—14 


an area of renewed and active interest, with 


both t- and o-complexes being reported. Since the area 


ee only the more salient 


has been well reviewed, 
features will be mentioned below to give an historical 
perspective and to lead into the more recent developments. 


Major emphasis will be given to the cyclopentadienide 


and cyclooctatetraenide derivatives. 
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i) Cyclopentadienide Complexes. 

The synthetic development of t-carbocyclic complexes 
began with the preparation by Birmingham and Wilkinson 
of the tricyclopentadienide complexes of the lanthanides, />4 
M(C,H,) 3 (Mi= La, Ce; Pr,' Nd, Sm>\ Gd, Y¥) in 1954...This 


15b which extended 


was followed by their report in 1956 
the synthesis to M = Dy, Er, and Yb. The compounds were 
prepared by reacting the anhydrous metal halides with 
sodium cyclopentadienide in dry, oxygen free tetrahydro- 
furan as solvent and isolated by vacuum sublimation. 
These authors interpreted such properties as the extreme 
air and water sensitivity, the quantitative reaction of 
_the M(C,H,) 3 complexes with iron(II) chloride to yield 
ferrocene Fe(C.He) 5, the invariance of the effective 
magnetic moment with temperature and its closeness to 
the values for rare earth ions in other compounds 
(including aquo ions), and the similarity of the absorp- 
tion spectra in tetrahydrofuran to those of the "free 
lanthanide ions" in aqueous solution to indicate that 
the metal ring interaction is electrostatic in nature. 
No further synthetic reports appeared until 1963 


when Dubeck et al. prepared the (C-H_) >MC1 a and 


(C.H.)MC1. - 3THF zu complexes, where M represents a lanthanide 


from samarium to lutetium. The procedure was similar 


to that of Birmingham and Wilkinson? with the former 


compounds isolated by sublimation and the latter by 
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crystallization. The chemical and physical properties 

of these compounds are similar to the M(C.He) 4 complexes, 

and the conclusion that the bonding is highly ionic was 

again reached. In their attempts to isolate chloro- 

cyclopentadienide type compounds with earlier lanthanides 

than samarium only tricyclopentadienides could be detected. 

Dubeck has attributed this to some subtle effect of the 

lanthanide contraction. This seems to be a reasonable 

assumption when coupled to the previously mentioned 

desire for high coordination numbers especially among 

the early lanthanides. The picture that seems to be 

emerging is that the chemistry of the organolanthanides 

is again significantly different from that of the d- 

transition series cyclopentadienyls, 78 and that the 

size of the metal ions plays a significant role in 

determining the synthetically available complexes. 
Completing the syntheses of the cyclopentadienide 

derivatives were the reports by Fischer and Fischer?? 


on M(CcH-) 5 (M = Tb, Ho, Tm, Lu); Manastyrskyj and 


20 ; e2ek ; 
Dubeck on Eu(C.H,) 3 THF; Tsutsui CE abs On Eu (C,H) 33 
Okamoto-< Ctr Or (C,H_) 5YCl; and ise on 
(C,H.) .MC1- THF (M = Gd and Yb). Thus, using proper stoichio- 


metries and isolation procedures the following equation 


summarizes the cyclopentadienide syntheses: 


THE 
MC1, + nNaC,;H, ———> (C-H_-) ,MCl,_ xTHF + nNaCl (I-1) 
n= 3x oe bp Mes Labi joy. 
WH) 2px = Ly M =) Smebu, Y¥ 
n= lb) x = 35) Mo= Sm=-Lu 
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Though the principal interest here is with the 3+ oxida- 


tion state, it is to be noted that the dicyclopenta- 


dienides for the lanthanides with well known 2+ oxidation 


states (Sm, Eu, Yb) are accessible. For europium and 


ytterbium the preparation is as follows,?? 
NH, (2) 
M + 3C, He 9 ee Gee) > xNH, + CoH, 
M = Yb, Eu 
vacuum 
< 120-200° 
M(C,H-).°xNH, ————» M(C,H,) 
Ida ba 


The cyclopentene in eq. (I-2) was identified by gas 
chromatography. That the reaction in eq. (I-2) may be 


subject to difficulties in obtaining purely divalent 


(Te2) 


ytterbium was discussed in a note by Hayes and Thomas. *° 


They isolated (by fractional sublimation) three compounds: 


Yb(C,H,) 3, Yb (CH) 5 and a dinuclear complex tentatively 


formulated as (C,H.) ,Yb. (NH,)>- 


Calderazzo et rit provided the following synthetic 


route to ensure complete absence of any trivalent ytter- 


bium in *the product: 


THF 
(C.H.) .YbCl + Na “= »yp(c,H,), 
vaccum 
YoIc Si. es ery WeDo, (eM 5 
5H5) 9 rant Se 


The samarium compound is obtained by the following 


route,*> 


*xLHE + NaGe 


(T=3) 
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THF 
Sm(C.H_)3 + KC, gH, ——> Sm(C,H,) 5 THF + KC,H, 


+ Ci ols 


In this case, according to the authors, the coordinated 
tetrahydrofuran could not be removed without decomposi- 
tion. These compounds are extremely air sensitive and 
the bonding is believed to be largely electrostatic. 

A common observation made in this field, 
which is also apparent in the previous equations, 
was that the cyclopentadienide complexes crystallized 
from donor solvents invariably contained coordinated 
solvent molecule(s). The Lewis base could only be 
removed by heat treatment under high vacuum. This prompted 
Fischer and Fischer to study the Lewis acidic behavior 
of the tricyclopentadienides.?’ The THF adducts, 


M(C, “THF (M = Tb, Ho, and Yb), were readily isolated 


Be! 3 
by crystallization from tetrahydrofuran. The complex 
Yb (C,H 


*-NH, was prepared by direct reaction of liquid 


5 agile 
ammonia with Yb(C,H-) 3- The ammonia adduct survived 

sublimation, indicating very strong bonding interaction 
between Yb and NH,. The ammonia adducts of the lighter 


3 
lanthanides however decompose upon sublimation.>>” 


The 
reaction of triphenylphosphine with Yb(C.H.) 4 in benzene 
produced a crystalline product, Yb(CoH_) 3°PPh, which 
could be obtained analytically pure by continuous 


extraction with pentane affording large black crystals. 


The final base used by these authors was cyclohexylisonitrile. 
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Again, direct reaction of the base and the tricyclopenta- 
dienide derivatives in benzene followed by sublimation 
Bag Ge AE 
complexes (M = Nd, Tb, Ho, Yb, and Y). Adducts with 


at 150-160°C produced the corresponding M(C,H 


cyclohexylisonitrile for the remainder of the lanthanide 
series were prepared by Kanellakopulos and von Ammon . 78 
Based on infrared data the cyclohexylisonitrile is acting 
as a o-donor (see discussion in Chapter III). This and the 
existence of vibrational bands in the 600-60 cm + region 
assigned to ring-metal modes, lead Fischer and Fischer?! 
to conclude that there is some degree of covalence in 
the bonding of these complexes. Discussion of the utility 
of infrared data in obtaining information concerning the 
bonding in these and other m-carbocyclic organolanthanide 
complexes will be delayed until Chapter II. 

As can be seen, the donors studied include both 
hard and soft bases as classified by Pearson. ~” This) is 
not, the, typical; behavior -4expectedi forstripositive 
lanthanide ions which normally prefer hard donors. 4 taker 
Although the synthesis requires anhydrous media employing 
non-donor solvents (unless the desired base is used 
as solvent) to avoid competition, the adducts so obtained 
are quite thermally stable albeit still very susceptible 
to oxidation and hydrolysis. The range of bases has been 


30,31 Bud 


expanded to include pyridine, (-)-nicotine, 


N-methylpyrrolidine,>* tri-n-butyl phosphine, >“ and diethyl 
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sulfide. The complex with diethyl sulfide was not 


actually isolated, adduct formation was ascertained only 
by 1 NMR spectral study. 

More exotic Lewis bases have been employed by Crease 
and Legzdins using the oxygen donor sites of metal- 
carbonyl and metal-nitrosyl complexes. >? Infrared data 
were used as a measure of the acid-base interaction 
between tricyclopentadienide lanthanide complexes and 
[(C.H,)Fe (CO) 5], Co, (CO) 9, [(C5H.)Ni(CO)].,, (C.H.)Cr- 
(NO) ,C1, and (CoH,CH,)Mn (CO) 4; whereas shifts in 
the proton NMR spectra were cited as evidence for inter- 


action with (n?-C,H,) Fe (CO) 3 and (C,H) WH note that 


2! 
in the last complex the tungsten atom is the basic site. 
it has been found recently that pyrazine (NC ,H,N) 
produces the dimeric complex u-pyrazine-bis [tris (cyclo- 
pentadienide) ytterbium(III)], upon sublimation of the 
crude reaction product. 74 
The foregoing paragraphs provide an overview of 
the cyclopentadienide complexes of the lanthanide elements 
and also give an indication of their strong Lewis acidic 
behavior. Further comments on the bonding in these 
complexes are referred to part 3 of the Introduction. 
It will be seen in the following section that the use 
of the cyclooctatetraenide dianion had a significant 


impact on the further development of organolanthanide 


chemistry. 
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ii) Cyclooctateraenide Complexes. 


The synthesis of bis(cyclooctatetraenyl)uranium(IV), 


“uranocene," in 1968 by Streitwieser and Miiller-Westerhoff > 


is credited with rekindling interest in the chemistry of 


organolanthanides and organoactinides. 2° 


i) 


Lteyis#siqgnifticant 
to observe that-in 1963.R.,D. Fischer had pre- 
dicted the existence of cyclooctatetraenyl complexes of 
the actinides and postulated, especially for uranocene, 
covalent stabilization from the overlap of metal 5f 
orbitals with symmetry-allowed combination of the highest 
occupied M.O. of the cyclooctatetraenide ligand. Studies 
on uranocene and related compounds were conducted to 
test this postulate. Some of the investigations will be 
mentioned further on. 

Uranocene itself was prepared by the straightforward 
reaction of anhydrous uranium tetrachloride and dipotas- 


sium cyclooctatetraenide:>> 


OK CoH > u(CoH 


4 oC gl, + 4KCl (i=5) 


UC] 3) 2 


Surprisingly uranocene is stable in degassed water. This 
unexpected stability was somewhat reminiscent of the 
ferroceneastory;, and sovit was hoped thatethercyclooctate- 
traenide ligand would provide f-element metallocene 
derivatives similar to the corresponding cyclopentadienyls 
of the d-transition series. The vast number of studies 


that this lead to, for the actinide series,is beyond the 
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scope of this introduction. Interested readers are 


referred to the Annual Surveys in the Journal of 


Organometallic Chemistry? and to the reviews by Raymond 


ex Bee and Mawes ad 


Shortly after the report by Streitwieser et aca: 


Hayes and Thomas oe reported the synthesis of the cyclo- 
octatetraenide complexes of europium (II) and ytterbium 
(II). These were prepared by direct reaction of the 
metals with cyclooctatetraene in liquid ammonia and are 
exceedingly air sensitive compounds. 

Streitwieser et al. continued their investigations 
with the dianion of cyclooctatraene by preparing two series 
of complexes with the tripositive lanthanides. The 
first was the bis (cyclcoctatetraenide) complexes ?92"11 


K[M(C,H,) 5], which were prepared as follows: 


ee 


MC1, + 2K5CgH, ———> KIM(C,H,) 5 


Mr= Yo. La, ice, eer; Nd ,, Sm,o:Gay Tb. 


] + 4KCl (I-6) 


Attempts to prepare the europium and ytterbium derivatives 
were unsuccessful. The second series was the monocyclo- 
octatetraenide derivatives, [(CgH,)MC1°2THF] 5, which 

were prepared by the reaction of one equivalent of the 
anhydrous metal halide with one equivalent of the cyclo- 


40b 11 The derivatives for M = Ce, 


octatetraene dianion. 
Pr, Nd, and Sm were obtained. Mention is not made 


whether the synthesis of monocyclooctatetraenide 
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derivatives of other lanthanide ions was attempted. 

Both series of complexes are exceedingly air sensi- 
tive, and, unlike uranocene, they react violently with 
water. Discussion of the chemical and physical properties 
of these organolanthanides will be delayed until Chapters 
II and III but suffice it to say that Streitwieser et 
apse concluded that the bonding between the lanthanide 
ion and cyclooctatetraenide ring is largely ionic. 

Recently, Cesca et al. have synthesized some 
interesting cyclooctatetraene complexes. The following 
41,42 


reactions summarize their preparations: 


CoHe, excess 


Ee¢ en pe io. < sR ES 
Ce (O-1i CHA), i-C.H.OH + 5A1(C He) 3 


oo : 140°C 
(i=) 
Ce (CoH,) 5 + 5 (CH,J9Al (O-i-C3H_) +. CoH + 4C,H, 
2Ce (O-i-C,H_) ,°i-C,H.OH + 10(C,H,) 3Al1 zo 3C gH. 
100° 
Poanees Ce, (CoH) 3 + 10 (C,H) ,Al (O-i-C3H_) + {I-8) 
2C5H¢ + 8C5H_ 
CoH, excess 
Ce (O=8=C Hye ea ee ticon Wo ALC re Al ee ee 
Se aie Boh aoo'3 100°C Toluene 
(E-9’) 


(CgHg) Ce (O-i-CH_) ,Al (CH) 9°1/4C 7H, + CoH, 


+ 3C5H, 


These are relatively novel compounds and as can be seen 
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the products formed are quite sensitive to the stoi- 
chiometry of the reaction. Related to the cerium compound 
obtained in Eq (I-8) are complexes of the formula 

[M(CgH,) (OC,H,) 5] [M(CgH,) 5] where M = La, Ce, Nd, and 


er.14 


These complexes were prepared by the reaction of 
metal atoms and cyclooctatetraene at -196°C followed by 
extraction with tetrahydrofuran. Some properties of these 


last complexes will be discussed in Chapter Iv. 


Tuy) Alkyls) Aryls, and’ Others: 

A short discussion will now be given pertaining 
mainly to the alkyl and aryl compounds of the lanthanides 
to draw attention to o-bonded derivatives of these 
elements. - This area of organolanthanide chemistry is 
undergoing Significant expansion. 

FT 41968 35; CA. Bhawe cr aoe reported the first 
O-bonded derivatives of the lanthanides. By reacting 


phenyllithium with anhydrous metal halides two types of 


5G. 


compounds apparently were formed, eqs. (I-10) and (I-11). 
THF /Ether 
3Li ——_—_—_—_—_> + os 
MCl, a0 3LiC H. ae M(Ce He) 3 3LiGL (I-10) 
Mr = SC cy 
THF/Ether 
; ; e 
MCl, + 4LiC He “Sem LL IMC HS) Sesto. <i 1s) 


OFC 
M = La, Pr 


The compounds were thermally stable but insoluble pyro- 


phoric solids and as a result their full characterization 
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was lacking. These difficulties were overcome 

by the synthesis of tetrakis(2,6-dimethylphenyl) lutetiate 
chaps This was the first well characterized o-bonded 
lanthanide derivative and its X-ray structure unequiv- 
ocally showed that the metal is surrounded by a tetrahedral 
array of ligands, making it the first known example of a 
four-coordinate lanthanide complex. The analogous 
ytterbium complex was also prepared, however attempts to 
extend the synthesis to the larger lanthanides proved 
unsuccessful. Nevertheless the importance of sterically 
demanding organic groups is readily apparent. Utilizing 
this concept several trimethylsilylmethyl substituted 
lanthanides have recently been synthesized, > eqs. (I-12), 


(1-13) 4 bi 14), 


THF 
MC1., + 3LiCH,SiMe, ———» M(CH,SiMe,) , (THF) , ae, 
ues 
Ms=~Tbyr ER iavb 
2h 
M(CH,SiMe.,) , (THF) 5 + LiCH,SiMe, —— ae 
[Li (L) ,] [M(CH,SiMe,) 4] 
Meso Yo bir, be Lo = Me5NCH,CH.NMe, 
Moe VY es Ss LAE 
MCLewtusBieGH (Gale. Mee Sh cre hI MCH ISaMeN 4) «C1 
3 3752 4 Chee aaa 
+ 2LicCl (I-14) 


M.= Ex, iYb;.L.= THE 
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A different approach was to use the cyclopentadienide 
moiety to occupy coordination sites around the metal and 
thereby reduce the reactivity of the o-bonded organo- 
Wanthanrde complex?" Thus’ Tsutsui et ea synthesized 


the compounds illustrated by eg. (I-15). 


THF/Ether 
e 7 <_ 
(C.H.) .MC1 PebER Meieman Coote) MR sieve! Ee OH 8 (T=15) 
Siow Cale 
Mo= Yb, Er ,..Gd;-R°=-C=scc Cau CH 


Creo, OuS 3 


M = Ho; R= C=CC (HH, 


Me= Sm, EL, Hos R-—-C 


Once again the complexes were found to be thermally 
stable, thus demonstrating that the alkyl- and aryl- 
lanthanide bonds are not inherently weak. 

Lappert et al. have extended the above reaction to 
include an alkylaluminate as the alkylating agent, but 
isolated interesting bimetallic derivatives instead of 
the presumably anticipated alkyllanthanide complexes, */ 
eq. (I-16). 


Toluene 


1 
pases —— 
zl (C.H_.) .MC1], 1.4 LiAlR, [(C,H-) .M(R5A1R,) J 


a5) (I-16) 
M-<=/SeG7 "Gd, "Dy, Ho, “Er, #fm;* Ybs°R¥="Me 


MVE TSC, Y 7*Ru=4bt 


The electron-deficient dialkyl-bridge in these compounds 


ft i3 


was eStablished by ~H and C NMR data and by single 


crystal X-ray analysis of the yttrium and ytterbium 
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complexes. 7/148 


Somewhat analogous electron-deficient bridged species 


were obtained by Marks and Grynkewich?? in their synthesis 
of lanthanide tetrahydroborates, eq. (I-17). The bonding 
THE 
———_—_—_»> 
(C.H,) .MC1 + excess NaBH, 


halls) 


(C,H.) .>MBH, - THF + Nach 


M = "Sm, Br. YD 


mode of the tetrahydroborate moiety was assigned as 
tridentate in the samarium but only as bidentate in the 
ytterbium complex, showing once again the influence of 
the lanthanide contraction on coordination number in 
this area of chemistry. 

Using the bimetallic complex of eg. (I-16), Lappert 


et ioe found an interesting new route to the (CoH) o- 


MCH, complexes previously synthesized by Tsutsui, © 
(eq. (I-18). However, as indicated in eq. (I-18), a 
Toluene 
2[(C,H_) .MMe.AlMe, ] + 2py rn 
[(CcH_),MMel, + 2AlMe) py 


Mis OY DY, HO i 7 


Single crystal X-ray study established methyl-bridged 
dimeric structures for the complexes instead of the 
monomeric formulation originally assigned by Tsutsui. 
Although the formation of associated species is under- 


standable..in this .case.in.terms.of the desire.of. the 
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lanthanide ion to achieve a high coordination number, 
nevertheless the preponderance of electron-deficient 
bridge formation in these alkyl complexes is, at first 
Sight, "surprising fatie tndicatesi; perhaps, that the 
chemistry of these organolanthanides will find closer 
Similarities to organoaluminum chemistry than anticipated. 
Bimetallic complexes containing direct lanthanide- 
main-group element bonds have also recently been synthesized 


by Schumann, ~~ eqs. (I-19) and (I-20). These molecules, 


Be THF * t 
(CoH.) ,MCl + 151M Soon ensayo (I-19) 
: : 
M (Cp He) 3 + Licl 
M= Er, Yb? M* = Sn 
M = Er; M' = Ge 
THF 


MCl y+ 3LiM' (CEH) , ee MEM (CeH.) 3], tise le (1-20) 


Nd, Gd, Er; M‘' = Ge 


Ss 
Il 


M Pr, Nd; Gd; M‘ Sn 


like most other organolanthanides, are thermally stable 
but extremely air sensitive materials. 

The chemistry of the o-bonded lanthanide derivatives 
just like the cyclopentadienide and. cyclooctatetraenide 
complexes, centers almost exclusively on the 3+ oxidation 
state. A few attempts however have been reported concern- 
ing divalent lanthanide ions. D. F. Evans et al were 


first to synthesize such complexes. The direct reaction 
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of lanthanide metals with alkyl and aryl iodides in 
tetrahydrofuran resulted in the formation of RMI (M = 

Eu, Yb) type species. Although characterized only in 
solution, the magnetic susceptibility data, analytic 
procedures, and typical Grignard-type reactions all 
Supported the above formulation. Somewhat better character- 


ized solid complexes of voor were synthesized by Deacon 
53 


Coal... eq. (I-21). The complexes are exceptionally 
THF 
BO ee R5Yb*nTHF + Hg+ (I-21) 
R= CeHci n= 4 
R= C=CC He; n= 0 


air sensitive and for the phenylacetylide derivative an 
associated structure is postulated. 

Although not strictly in the realm of o-bonded 
derivatives a recent report by W. J. Evans et House 
describes a very elegant approach for the synthesis of 
low oxidation state lanthanide complexes. These authors 
describe the cocondensation of lanthanide metals with 
not easily reducible organic ligands, specifically 
1,3-butadiene and 2,3-dimethyl-buta-1,3-diene, eq. (I-22). 

M(atom) + diene Teh Pa AS 


M 


Er, Nd. Sm, x ="3 and diene = CyHe 


M Ex, La; x =. 2vand diene. =)(CH 


3) 2°48 


The compounds are oxidatively and hydrolytically unstable 
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and the La derivative appears to be the first paramagnetic 
organolanthanum complex. Although the bonding and 
structures of these complexes is far from clear it 
appears, based on these results, that a wide variety of 
Organic ligands not seriously considered in the past will 
be able to interact and form isolable and highly unusual 


organolanthanide complexes. 


3. Comments on Bonding 
It has already been indicated in reference to the 
cyclopentadienide lanthanide complexes that the metal to 


ring bonding is largely electrostatic.!>°71’ 


Although, 
Fischer~/ has suggested a significant covalent component to 
the bonding in the tricyclopentadienides, this has not 
been substantiated by other studies nor accepted by other 
workers. Concerning the cyclooctatetraenide derivatives, 
the bonding also appears to be largely electrostatic, in 
contrast to the covalent bonding found in uranocene.!1 
In this section only a representative set of studies 
will be included to illustrate the manner in which f- 
orbital contribution to bonding has been considered. 
First, let us look at uranocene and related compounds. 
In the first preparation of uranocene it was proposed that 
the interaction of 5f-orbitals with ligand t-orbitals is 
responsible for the charge-transfer spectra observed 
in the visible region, and for the stability of the 
35 


molecule toward weak acids and degassed water. 


In support of this proposal Streitwieser 
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and Harmon prepared uranocene with hydrocarbon substit- 
uents on the rings and noted shifts in the visibile 
spectra as a function of electron donating ability of 


55 Edelstein et Bees examined 


the alkyl substituents. 
the magnetic data for uranocene, the analogous neptunium 
and plutonium complexes, and some alkyl substituted 
uranocenes onthe basis of molecular orbital calculations 
which involved substantial mixing of ligand 1- and metal 
f-orbitals. Similar conclusions were reached by Edelstein 
et ee based on the ae NMR spectra of uranocene and 
its tetramethyl substituted analogue. The large upfield 
shifts in the spectra were shown to be the result of 
large positive net contact shift for which the most 
plausible mechanism was assigned to charge transfer from 
filled. ligand. .m M.0.'s).to\ vacantimetal..f-orbitals. 
Finally, there is data from the photoelectron spectrum of 
uranocene. Its interpretation by two groups suggests 
f-orbital involvement and also, previously not considered, 
involvement of 6ieerbitalasceirn 
Similar approaches to the above have been used in 
looking at various organolanthanide complexes. The use 
of absorption spectra in determining the ability of 
the ligands to split the 4£" multiplet terms has 
60 


received varied interpretation. Fischer and Fischer 


interpreted the large hee multiplet splittings in the 
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room temperature spectrum of Tm(C,H.) 3 as being the result 
of direct involvement between the 4f-orbitals and symmetry- 
allowed combination of ligand M.O.'s. However, 
Pappalardo®? examined the spectra of the same compound 
down to liquid helium temperatures and concluded that 

the splittings found for Tm(CoH) , were not exceptional 
but nevertheless were larger than usually observed in 

aquo systems. In addition Pappalardo et al. have also 


62 


looked at the tricyclopentadienides of erbium and 


oe (and base adducts) at liquid helium tempera- 


ytterbium 
tures enabling them to reach the conclusion that the 4£” 
electron configurations of the tripositive ions are 
relatively unperturbed and that the bonding is largely 
electrostatic. Nevertheless, there were some relatively 
large splittings that could involve weak covalency, and 
for the ytterbium complex an electron transfer band in 

the visible region was assigned as a ligand-to-metal 
charge transfer which would indicate at least some degree 
of overlap of ligand and metal orbitals. 

Another feature of the absorption spectrum used to 
assess“f“orbrtal™ participation’ in* bonding” isthe position 
of the J levels relative to those in the aquo ion. The 
changes in band position (or nephelauxetic effect) can be 
related to covalency in the metal-ligand bonding as they 

64 


reflect changes in interelectronic repulsion parameters. 


Based on the small shifts Nugent et perce concluded that 
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the degree of covalency in the metal-ligand bonding of 

all tricyclopentadienide derivatives of the lanthanide 

metals is at most 5% more than in the corresponding aquo ions. 
Other evidence suggesting a high degree of electro- 

Static character in the bonding comes from Magnetic data. 

For the lanthanide tricyclopentadienides the effective 

magnetic moments were found to be very close to the 

free ion values and temperature independent .?° Also the 

mono- and bis (cyclooctaterenide) lanthanide complexes 

were observed to have moments only slightly reduced from 


dea 


the free ion value. No attempt was made to attach 


Significance to these small differences. A molecular 


66,67 


orbital approach was used twice by Warren to interpret 


the limited magnetic data for Ce (CoH In both 


ans 
calculations the 4f orbitals appear to have little involve- 
ment with the ligand t-orbitals, while in the second 
calculation there is some indication of utilization of 
DOrOrbitals., 

Thus, the spectral and magnetic data are in accord 
with the idea of well shielded 4f-orbitals unable to 
participate in metal-ring covalent interactions. However 
there is gathering evidence, based on molecular orbital 
calculations, that these complexes might possess small, 
but significant, covalent bonding components through 
ligand-5d sorbital mixing. 

The reactivity and physical properties of organo- 


lanthanide complexes as shown here also support the 
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largely electrostatic bonding formulation in contrast to 
the actinide(IV) complexes discussed. As can be seen, 
the degree of covalent bonding in organolanthides is 
difficult to assess. The 4f-orbitals do not appear to 
be strongly involved in bonding, on the other hand, 
these orbitals contain the electrons whose properties 
are most readily observed and from which bonding con- 
clusions are in turn drawn. Thus, the synthesis of new 
compounds will allow comparison of chemical and physical 
properties with existing compounds giving a greater basis 
from which to draw information; possibly produce 
complexes with new and interesting chemical and physical 
properties (volatility, reactivity, etc.); and provide 


a more complete understanding of organolanthanide chemistry. 
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CHAPTER TWO 
SYNTHESIS AND PROPERTIES OF THE 
MIXED SANDWICH COMPLEXES (CoH5)M(CoHg) . 
i Vintroduction 

From Chapter I it is clear that a wide variety of 
organolanthanide complexes can be obtained employing the 
cyclopentadienide and cyclooctatetraenide ligands. It 
is evident that the organometallic chemistry of the 
lanthanides can be further explored with the synthesis 
of neutral mixed sandwich complexes involving the two 
classes of ligands. 

In this chapter the synthesis of (cyclopentadienide)- 
(cyclooctatetraenide) lanthanide(III) complexes for 
representative members of the lanthanide series and 
yttrium will be described. The properties of the complexes 
will also be compared to the analogous titanium and 
scandium derivatives, which are the only other compounds 
known to contain both the n°-CoH, and n?-C.H, ligands, 


and to the organolanthanides containing the individual 


ligands. 


2. Synthesis 
The two general routes employed for the synthesis of 


these mixed sandwich complexes are given by equation (II-1). 
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28. 
oes (Tretia) 
Z THE ,-30° 
M = Y, om, Ho, Er; Lu 


K 


(C5H.)MC1 * 3THF 


(CoHo)M(C.H.) * THF 


2NaC.H. 


[(CgHg)MC1-2THF] , THF ,-30° (II-1lb) 
M:= Y,. Nd, “Sm 
vacuum 
(C,H,)M(C_H-) °-THF (CoH) M (Ce Hes (TI-2) 
2 5°5 Ad ene 8°°8 5°5 


It was necessary to utilize the reactions shown in 

Both eq. (II-la) and eq. (TII-lb) as a result of 

PNG avallability of the starting materials. -In 

Chapter I it was noted that Dubeck et ate were unable 

to synthesize (C-H.)MCl. complexes, Eq (II-la), for the 
larger lanthanide elements which precede samarium. Their 
report did not include yttrium, but the similarity of 

the ionic radius of trivalent yttrium compared to tri- 
valent holmium (see Table I)’, and the general similarities 
of lanthanide chemistry compared to that of yttrium 
Suggested the preparation of (C-He)YC15; the preparation 
proved to be successful. Similarly, Streitwieser et whe 
did not indicate whether their synthesis of (C Hy) MC1 
complexes could be extended to the later lanthanides. 

The preparation of the yttrium mixed sandwich complex 

was undertaken vta Eq (II-lb) by the in sttu reaction of 


(CoH, ) YC1 with NaC.H.. Tne success of this route indicates 
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that similar (CoHg) MCL complexes could be obtained 
for other heavy lanthanides. Complete experimental 
details will be found in the final Chapter of this thesis, 
only an outline of the synthetic method will be given 
below. 
All the mixed sandwich compounds prepared in this 
study are pyrophoric and exceedingly water sensitive. 
This necessitated rigorous exclusion of air and water 
from solvents and the reactants employed. It was also 
necessary to work under an atmosphere of scrupulously 
purified nitrogen employing standard Schlenk techniques.’ 
A double manifold (vacuum/nitrogen) was also standard 
in order to facilitate manipulations. Modification of 
any procedures to enable handling these very air sensi- 
tive compounds will also be discussed in the final Chapter. 
For preparation according to eq. (II-la), a solution 
of dipotassium cyclooctatetraenide was added dropwise 
to a tetrahydrofuran solution of the appropriate dichloro- 
(cyclopentadienide) lanthanide (III) complex at about 
-30°C. The temperature was maintained near -30°C for 
1-2 hrs after addition was complete and then allowed to 
Slowly warm to room temperature. After a total reaction 
time of 15-18 hours the precipitated potassium chloride 
was removed by filtration. The clear filtrate was then 
eoncentratedizn vacuohtomthe pointsof) crystallization 


and hexane was added. Cooling at -20°C for up to 36 hours 
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produced well formed crystals which were isolated by 
filtration and identified as the tetrahydrofuran adduct 
of the neutral mixed sandwich complex. This indication 
of Lewis acid behavior provides the subject matter 

for Chapter III. The tetrahydrofuran is readily removed 


by vacuum drying at 107° 


mmHg and 50°C leaving the 
unsolvated, neutral mixed sandwich complex. Employing 
essentially similar experimental procedures but start- 
ing with (CoHg)MC1, Eq (II-lb), mixed sandwich complexes 
of the early lanthanide elements also became accessible. 
Although the reactions represent simple metathetical 
displacement of the chloride by the anionic carbocyclic 
ligands, the preparations are plagued with undesired 
Side reactions or possibly disproportionation of the 


(CgHe)M(C.H,) *THF complexes (for instance M(C.H as 


at 
sometimes obtained). A thorough discussion of the 
problems associated with the preparation will be given 
in Chapter IV. Suffice it to say here that the isolated 
yield of pure, unsolvated complexes is poor (of course 
the removal of the coordinated THF molecule is quantita- 
tive). The yields are in the 35-483 mange: [ors YO; 
Er, and Lu, while for samarium, a particularly trouble- 
some metal, only after several crystallizations could 
the pure (CoHg) Sm(C.H.) be obtained and then only in 


about 6% yield. Furthermore it was also noticed that 


the isolation procedure was more difficult and final 
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yields even lower when the preparative method of Eq (II-1b) 
was employed. This method thus was abandoned as 
a preparative route to the mixed sandwich complexes of 
the heavier lanthanides. 

The formulation of these organolanthanide complexes 
as indicated in Eq (II-2) is supported by a combination 
of spectroscopic methods, mass spectrometry, and elemental 


analysis. 


S.- Results and) Discussion 

i) Physical Properties 

It appears from the representative compounds syn- 
thesized that the (cyclooctatetraenide) (cyclopenta- 
dienide) lanthanide (IIT) complexes could be prepared 
for any member of the lanthanide series as well as for 
yttrium. As already mentioned, all the complexes are 
very air and moisture sensitive, and Lewis acidic 
behavior is suggested by virtue of isolation of tetra- 
hydrofuran adducts. The THF, however, can be readily 
removed by vacuum drying. Qualitatively it appears that 
the removal of coordinated THF is more facile than in 


the case of the M(C. -THF complexes. All the compounds 


HE) 3 
are thermally stable up to 120°C tn vacuo. Furthermore 


the yttrium and lutetium complexes can be sublimed 


readily, the former at 100°C and 103 mmHg and the 


latter at 115°c and 1077 mmHg. These are not the 
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minimum conditions for sublimation since slow sublimation 
at 80°C and Lore mmHg has been found to yield well 
defined crystalline products for both complexes. Pro- 
longed heating, however, does result in significant 
decomposition. None of the other complexes could be 
sublimed, though rapid sublimation up to 215°C were 
attempted. This behavior is in contrast to the tri- 
cyclopentadienides of Birmingham and Wilkinson! which 
were sublimable typically at 200-230°C and 1074 mmug. 
Whether the considerable ease of sublimation of the 
yttrium and lutetium mixed sandwich compounds is reflected 
in solid state structural differences compared to the 
M(C5He) 5 and the other (CoHe)M(C,H.) complexes will 

have to await X-ray structural determination. On the 
other hand, thermal stability and even volatility cannot 
be taken as sole evidence for significant covalent metal- 
ring interaction. As noted the M(C,H.) 3 complexes do 
sublime but have been shown to be largely ionic. [In 
addition, Streitwieser?- has shown that K5CgHe, a 

most assuredly ionic compound, can also be sublimed. 
Finally, the mixed sandwich complexes are moderately 
soluble in basic solvents such as pyridine and tetra- 
hydrofuran from which the base adduct can be crystallized, 
exhibit low solubility in toluene and benzene, and are 


insoluble in hexane. The complexes are decomposed by 


methylene chloride and carbon disulfide. 
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ii) Infrared Spectra 

Infrared spectroscopy has proved to be a valuable 
tool in examining the mixed sandwich complexes. The data, 
as will be shown, can be used to obtain information 
concerning the mode and type of bonding that exists 
between the two carbocyclic rings and the central lan- 
thanide ion. 


In Figure 1 the spectra in the 600-1600 cm + 


region 
for an early (neodymium) and late (holmium) lanthanide 
complex along with that for (CoHg) ¥(C.H,) are given. 
Table 3 lists the infrared absorptions in the same region 
for all the compounds studied. Inspection of Figure l 
and Table 3 shows a good correspondence in position and 
relative intensity of the absorption bands for the 
members of the lanthanide series and yttrium indicating 
that the overall molecular structure of all the complexes 
are Closely related. The significance of the number, 
position, and intensity of the bands will now be dis- 
cussed. 

A substantial amount of data has been collected by 
Fritz relating the number of bands and band positions 
in the infrared spectra of metal complexes of carbocyclic 
rings to the mode of bonding between the CoA ring and 
the metal./? The approach suggested by Fritz has been 
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utilized by a number of investigators and 


has also been recently reviewed by Maslowsky/® who also 
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Figure 1: 


a) (C5Hs5)¥(Cg Hg) 


b) (C5Hs5)Ho(CgHe) 


c) (C5Hs5)Nd(CgHg) 


1600 1200 800 600 


Infrared spectra of (Co H-)M(CoH,) Complexes; 


M = Y, Ho, Nd. Recorded as mineral oil mulls. 
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considered the relevance of new data. 

Let us first consider this approach in relation to 
the CoHe ligand. The cyclopentadienyl ligand can bond 
to a metal ina monohapto (n*-C,H,) or pentahapto (n°-C,H,) 
fashion. In n?-C, He complexes we can further distinguish 
ionic and covalent bonding between the cyclopentadienyl 
moiety and the metal. In purely ionic compounds one can 


reasonably approximate the ligand as free C fee possess- 


5 
ing Den Symmetry. However, when complexed to a metal 
with strong covalent interactions, as (n?-C,H.)M, the 
whole CHM fragment must be considered and the symmetry 
is reduced to Cou: It is of course logical to assume 
that for a real molecule the spectral features expected 


for the covalent MC.H, model will be displayed more 


PU 
strongly as the covalent nature of the metal-C,H, bond 
increases. In complexes where the actual symmetry may 


differ from Cour the local symmetry of the (n?-C,H.)M 


moiety (i.e., Ce.) is applied to the discussion of the 
infrared spectra.’7' 7° 
For Den symmetry there are four normal modes of 
vibration which are infrared active for the cyclopenta- 
dienide anion. These are the asymmetric C-H stretch, 
V,(C-H), cChe-asymmetric C=Crstretch) (or ring breaching 
mode), Veer. the in-plane C-H bending, $5(C-H); and 
the out-of-plane “C—Hi bending, y(C-H)'» Vibrational data 


for typical ionic cyclopentadienide complexes are collected 
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Table 4. Infrared Active Modes for Some Ionic Cyclo- 


' pentadienide Complexes?’? 


Se a ee a a es ee 


Normal Mode KCH. RbC-H. Sr (CH). Ba(C.H.) , 
Se a ee Oe ee ee a AN ASE Tal eee OM ORE el eae 
Vv, (C-H) 3048 3030 3077 3065 
Vv, (C-C) 1455 1501 A385 1435 
6 (C-H) 1009 1011 1008 1009 
Y (C-H) 702 696 739 736 
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b Data from Ref. 76. 


a ne My t lates <3 pay ahead gh Bs 
ial < Ania 1 “te plane mie ii AN RO haat rr 
’ r i 3 "ey Pg ahy Be (a) WT og 
i yee, } fe Yor sh.) mils 
, 4“ ¢ RR lel in 
f ned jet oe | ( “ge Mis EF he to) ur A 
N Ais 
: t ha : ‘4 \ se 4 Haaal.) Sea aaa 
ree tea sie se dela ain eee a mbes aniourscaltwe spite 
, : vay i ie 18 hase 
: J . H fii) re Ay + 2) 1 N 
mire CRORE. GeHE 
et Men a . pate J 


oe 
ae 
Foal 
Pe = 


Se eee! 


f 
- ‘ , sunegen 
t 
‘ 
; 
q 
{ 
" 
Ae, 
* 
iH 
‘ can | 
' , Hy 
Sil 
i 
' ie, 
’ ity 
; 
| 
y 
" 
; Po PAY 
i 
4 i 
\ 
a tee 
’ 
fd , 
‘ 
‘ 
’ ie - 
/ : 
f rye oo 
‘ 2 
' 
+ if 
me f i 


Pa ee te ee nope ondieclhenat f oe 


we 
x i 
iy 
| 
i 
| vaya 
{ z 
af 
a 
vn 
i 
a 
¢ ? 
i 
bee 
ou i 
Ww 
s? 
o 
, 
Rid 
vi] 
ee wes 
a Be 
f 
bet! le 
i 
‘ 
mie oe 
hb, (AN 
cary 
RT 
yt 


a u 
i 


ie 


As the strength of the metal-ring interaction increases 


the metal and the C.H, ligand must be considered together 


Sie) 
as the (n?-C,H.)M fragment. The symmetry is Ce and 
the C,H. moiety will give rise to seven active normal modes 


sae 


in the infrared. These are, in addition to the four 

modes already mentioned for the ionic cyclopentadienides, 
an additional out-of-plane C-H bending, y(C-H), a symmetric 
C-H stretch, VCH, and a band near 1100 assigned as a 
Symmetric C-C stetch, Vg (C-C), by Maslowsky/° or as an 
out-of-plane bending vibration, y(C-H), by Fritz. /? Thus 
based on the number of strong vibrations observed in a 
metal-cyclopentadienyl complex, Fritz described the 
metal-ring bonding as ionic or covalent. In the Coy 
covalent compounds he has also made further distinction 
between “centrally-o-bonded" complexes and "genuine 
m-complexes". Tables 5 and 6 give some examples of the 
complexes that Fritz assigns to the above two classes. 

It seems that a more appropriate way to look at the 
infrared data in Tables 4-6 is to assign Rb (CH, ) as 
representing the extreme of ionic bonding and to take 

Ru (C.H.) 5 as the extreme for covalent bonding with the 
remaining complexes comprising a gradual, more or less 
continuous variation in bonding between the extremes. 

It is apparent from the Tables that although the majority 
of the vibrational modes vary ina pelatively narrow 


range, three of the bands change in a systematic way with 
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Table 5. Infrared Active Modes for Some "Centrally 


o~Bonded" Cyclopentadienide Complexes?'> 


a a N.S 
b 


jf a b S 

Normal Mode LiC.H, NaC,H, Mg (C.H.) 5 Ca(C,H.) 4 

ene eke SUE ee Teenie rT LT Ree ev ae Re Ras Pel eS ea al kl Ble 
Ve Call) 3048 3048 3067 3078 
Vat=i) 2906 2907 2913 2963 
Vv (C-C) 1426 1422 1428 1433 
Vet(e-C) 1120 1144 1108 1122 
6 (C-H) 1003 998 1004 1009 
Y (C-H) = - 779 780 
Y (C-H) 746 722 753 751 

oe EE eed A 0 Se rae Sy O's EE Re I Pee SR OST ae 

a 1 


Frequencies incm °°. 


b Data, rom. Ref: “73, 


Data from Ref. 77. 
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Table 6. Infrared Active Modes for Some t-Bonded 


_ Cyclopentadienyl Complexes?’?’¢ 


Pee or ae gg eg ge er ee eee 


Normal Mode (C_H_)TiCl (CoHe) - Fe (C_H.) Ra(C H+) 
5°5 5°5/2 5°5/2 
V (CHL) 

Vv, (C-H) 3058 3039 3086 3097 
Dae =H) 2941 2909 

v_ (C-C) 1435 1421 1408 1410 
Vv (C-C) 1124 1108 1104 LPO. 
6 (C-H) TOL 1012 1001 1002 
Y (C=H) 816 818 854 866 
Y (C-H) 797 803 814 821 


Assignments made for Si local symmetry. 
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the nature of the metal-ring bond. As the ionic character 


of this bond increases the y(C-H) frequency falls and i's 
found below 800 cm7t, at the same time the v, (C-C) vibra- 
tion appears to increase in frequency although the change 
is not as regular as the variation in Y(C-H)e The orher 
important feature is the band near 1100 cmt, absent by 
symmetry for the Dey ionic extreme, very weak in largely 


ionic compounds it is a strong feature in complexes 


42. 


Such as ferrocene. The diagnostic value of these frequencies 


is clearly indicated. However, the form of the correla- 
tion between percent ionic character and band position 
and intensity is not known. Only qualitative arguments 
can be drawn concerning the bonding based on infrared 
data. 

It is to be noted that the data given in Tables 
4-6 are for the main bands in the spectra. There are 
additional weaker bands which can arise from solid state 
effects and also from coupling of vibrations in the 
complexes with more than one ring. Nevertheless, the 
observation of a simple infrared spectrum featuring only 
a few strong bands can be taken to indicate symmetrical 
bonding expected for an n?-C.H, ring? “Contrary to this 
an (n7-C,H.)M system, which can at best have Ce symmetry, 
is known to have a very rich and complex spectrum, there 
are twenty-four allowed normal modes of vibration from 


the CoH. group itself. The distinction between Ao and 
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n’=C.H. is a relatively easy task indeed. Caution should 


be exercised however when solid state structural infer- 
ences are made from infrared data. A case in points is 

the tricyclopentadienide derivatives of lanthanides. 

Table 7 lists the complete spectra. Although somewhat 
complicated, the simple v(C-H) region, the absence of 

a relatively strong v(C=C) band and the appearance of 
strong absorptions in regions previously ascribed to 
pentahaptocyclopentadienyl ring vibrations can be taken 

as evidence for predominantly symmetric metal-ring inter- 
action. The largely electrostatic character of this 

bond is suggested by the low frequency of the Y(C-H) vibra- 
tions and the weak Ve(Crc) band at 1120 cmt, a conclusion 
which is in accord with the magnetic and electronic 
spectral data and the reactivity of the complexes discussed 
in Chapter I. However to Suggest that the data is 
consistent with a solid state structure comprising iso- 
lated M(n?-C,H,) , molecules of Dan symmetry would be 
foolhardy at best. Indeed the structure of tris (methyl- 
cyclopentadienide)neodymium(III) has been determined. 78 
Each wat? ion is surrounded by three n°?-C,H,Me rings and 
an n’=C,H ,Me moiety which is simultaneously Pe ebonded to 
another neodymium ion thus bridging two lanthanide ions 
together and creating a polymeric solid state arrangement. 
That the ni-ring-metal bonding is due primarily to ionic 


rather than covalent bonding is suggested by the equivalence 
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Table. /..Inirared, Spectra.of M(C-H.) , Complexes???" 


M.=. = Tb Ho Tm Lu Assignment 
a Fer ese td A 2S dah ck aaa a 
3077w 3077w 307 2w 307 2w v-(C=H) 
2941w 2941w 2915w 2937w 
1658w 1656w 1656w 1669w 
1443m 1443m 
1435m 1435m 1439m 1438m yateeC) 
135l1lw L35iw 1353w 1357w 
1120w 1120w 1119w 1119w 
1063m 1066m 1065m 1072m 
1057m 
1006s 1005s 1009s 1007s 6 (C-H) 
887m — 887m 890m 890m 
842m 841m 845m 855s 
798s,br 1928S ,Dzre 794s,br 800s,br 


TIOVS br AALS DL 774vs,br 776vs,br Y (C-H) 


622m 621m 625m 620m 


a eee ee ee eee Se ee ee eee 


o Values from Ref. 19 


b Frequencies in cmt; abbreviations, see Table 3+ 


br = broad. 


5 Spectra recorded as mineral o1i@mulis. 
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of the carbon-carbon bond lengths of the the cyclopenta- 
dienide rings. Thus, as the authors point out, there 
appears to be no significant changes in the delocalized 
electron system of the cyclopentadienide rings which 
might be manifested in bond length changes. Hence, the 
application of local Coy symmetry to the major infrared 
bands is retained. The nt -coordination is ascribed to 
the desire for neodymium to complete its coordination 
sphere. 

A similar symmetry analysis can be applied to the 
CoH, ring though a much more limited data set is avail- 


able. Hocks et eee 


examined the vibrational spectra 
for the bis (cyclooctatetraenyl) compounds of uranium and 
thorium. Though uranium and thorium have been shown to 
possess the Den structure in the solid state the spectra 
are again more complex in the 600-1600 cmt region than 
for the Dep cyclooctatetraene dianion as approximated 
by the dipotassium salt (see Table 8). The out-of-plane 
C-H deformation again seems sensitive to the metal-ring 
bonding character. It was well established for uranocene 
that a substantial degree of covalent character exists 
in the bonding. 

in’ the daght of the data in, Gapiles 4-8, the data 
for the mixed sandwich complexes of Table 3 can be 


re-examined. The assignments listed in the Table appear 


to be most reasonable based on the positions and 
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Table 8. Infrared Spectra for CoH, Complexes* 


SS eee EEE EE ee ee ee ee ee eee eee 


Recea Pun Cenenee K [Ce (CgHg) J° KIY(CgH,) 51% Assignment 
CSE Se emer 15 2 LECT, eee ee eS, ee ee Oe Tl CLL” oe ee 
1431m Vv, (C-C) 
1320m 1280w 
1070w 1048s 
1000w 
880s 900s 875m 892s 6 (C—H) 
845w 880s 
792m 790w 
730w 740s 
720w 706m,sh 
684s 777m 670s 684s Y (C-H) 
746s 662s 


a : ; -l : ; ; 
Frequencies “inyem speabbreviiationstassin Table 3. 


b DataciromaRefs 73% 


¢ Data from Ref. 74. 


d Data fLromeReé&? abs 
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intensities of the corresponding bands of the model 
compounds appearing in Tables 4-8. They receive further 
Support from the analogous (CoHg)M(C.H,) (M = Sc and Ti) 
complexes where essentially identical assignments for 


Go 2 


the major absorptions were made. The structure 


of the titanium complex is known to consist of two 

parallel symmetrically bound carbocyclic ligands. ’? As 

expected from this structure, the infrared spectrum is 

simple, being essentially a superimposition of the bands 
5 8 

expected from (n -CeH.)M(C, symmetry) and (n ~CgH,)M 


(C symmetry) molecular fragments. The symmetry of 


8v 
the whole molecule is of course less than the local 

Symmetry of the individual fragments which might explain 

the appearance of some additional, mainly weak, bands. 
Nevertheless, Sif is apparent that the local symmetry 
approximation is largely valid in this case. A compari- 

son of the infrared spectra for the titanium mixed 

sandwich complex with those of the analogous lanthanide 

and yttrium compounds quickly reveals substantial similarity 
in the number of observed bands, implying that the 
lanthanide mixed sandwich complexes also possess two 
symmetrically bound carbocyclic ligands. Whether the 
appearance of extra bands in the spectra of lanthanide 
complexes is due only to the slight breakdown of the 


local symmetry approximation, as mentioned for (CoH) Ti- 


(C-H-), Or it is diagnostic of more severe solid 
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state structural changes similar to the associated 
structure found in Nd (C.H,CH,) 4/0 must await the results 
ef X-ray, structuraliwork on representative complexes. 

The major differences seen in the infrared spectra 
when comparing the titanium complex to the lanthanide 
mixed sandwich derivatives can be traced to the bands 
that were shown before to be diagnostic of the metal-ring 
bonding, ionic or covalent. The absence of a Vv, (C-C) 
band around 1100 cmt, the low frequency observed for 
the out-of-plane C-H bending mode in the lanthanide 
and yttrium complexes are both suggestive of a substantial 
electrostatic component in the ligand to metal inter- 
actions. However the bonding may not be totally devoid 
of covalent character. As can be seen in Table 3, the 
out-of-plane C-H bending mode of both CoHe and CoH, 
ligands are split into two strong components indicating 
perhaps a relaxation of the Dey and Den selection rules 
5 and Gat moieties, 
thereby suggesting some covalency.- The frequency of 


ee ee 
We cannot strictly rule out solid state effects as being 


that would govern free ionic CoH 


responsiblé for this splitting; thesfact that they are 
observed in both Ti and Sc complexes seems to mitigate 
against this. Nevertheless, it shotld be noted that split- 
ting of the y(C-H) band was observed in M(C,H_) 4 complexes 
of the lanthanides, Table 7, which are known to have poly- 
meric structures. Solid state association of the mixed 
sandwich complexes also would be expected based on their 
Lewis acidic character. The need for structural work on 


these complexes is clear. 
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this mode for the CgH, ring is, as expected, higher than 


in the anionic M(CoHe) 5 lanthanide complexes, Table 8. 


80 shows it 


The crystal structure of the cerium compound 
to consist of two planar, symmetrically bonded eight- 
membered rings. Although the properties of this and 
related compounds were taken by Streitwieser to indicate 


67 have argued based 


largely ionic bonding, Clack and Warren 
on M.O. calculations, that there is some ligand-to-metal d 
orbital mixing in the metal-ring interactions. Accepting the 
validity of the calculations, based on the infrared results 
it is likely that orbital overlap between the metal and the 
CoH, ring is also occurring in the mixed sandwich complexes. 
Another interesting piece of information that has relevance 
to the bonding, comes from the variation in frequency of 
these out-of-plane bending modes on going from Ti to Sc 

to the lanthanide mixed sandwich complexes. It is 


apparent from Table 3 that for the C,H group vibration 


5 
there is no change from Ti to Sc and then only a relatively 
small drop in frequencies for the lanthanide derivatives 
(although one of the components of the band experiences 

a larger decrease at least for the lighter lanthanides), 
whereas for the CoH, moiety there iS a more substantial 
drop between Ti and Sc but thereafter the band position 
remains remarkably constant. A speculative rationale 

for this trend can be obtained by looking at the bonding 


S1,82,93 


and electronic structure of (CoH) Ti (CoH) and 
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(cerarse (Cut yin 9 Figure 2a shows the M.O. diagram for 

the titanium complex according to de Liefde Meijer, °4 

while Figure 2b shows the most probable metal-ligand 
interactions. Also shown in the Figure is the symmetry allowed 


metal f orbital-C,H, interaction. Based on photoelectron 


82 has concluded that the M.0O.'s of 6 


spectral data Green 
Symmetry are of major importance for the bonding between 
early transition metals and CoH, rings (overlap of metal 


a and’ ‘Fring e, orbitals) whereas for the bonding 


2-y2! xy 


between five-membered rings and the metal the most 
important contribution comes from M.O.'s of T-Symmetry 

(e) orbitals of the CoHe ring and metal d.o doz orbitals). 
They have also concluded that these 7 orbitals are mainly 
ligand in character. This of course is apparent in the 
M.O. scheme of paennes 2a which shows the CoH, e5 orbitals 
closer in energy to the metal orbitals than the ey 
orbitals of the C.He ring. Thus a change in metal orbital 
energy will have a greater effect on the charge of the 
CoH, ring than on the charge of the CoH. ringase This has 
been verified by de Liefde Meijer et al. from ESCA measure- 


ae and sc®4 complexes. They find that 


ments on the Ti 
whereas the charge on the CoH, ring remains the same, 
the charge on the CoH, moiety has increased on going 
from Ti to Sc. This) is) exactly the effect that would 


have been predicted from the infrared data, i.e., apparently 


no bonding change between the metal and CoH. ring but 
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Figure 2; a) Qualitative M.O+ Diagram for a Transition 
Metal (CoHe)M(CoHa) Complex. 


b) Symmetry Allowed interactions between 
Metal d- and £-Orbitals ‘andeHighest Filled 
Ligand Orbitals:. 
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increased ionicity of the metal-C,H, bonding. Whether 
this correlation can be extended to the lanthanide mixed 
sandwich complexes is not known. Indeed the slight 
decrease in the y(C-H) vibration of the CH. ring, on 
going from Sc to the lanthanides and the rise of one of 
the components of this frequency on proceeding from Nd 
to Lu while the CoH, ring frequency remains constant 
already point out some difficulties with the Simple model. 
Furthermore it is not our intention to imply that the 
bonding in the lanthanide mixed sandwich complexes is 
even as covalent as in the scandium compound. However 
it will be shown that further spectral properties of these 
complexes seem to be in accord with the greater involve- 
ment of the CoH, ring orbitals with the lanthanide ions 
as compared to the interaction with the CH. ring torbitals:. 
Of course greater involvement need not mean less polar 
M-C oH, bonding. Indeed, as will be observed, the reactiv- 
ity of these complexes points, not unexpectedly, to 
greater charge density on the CoH, ring than on the CoH. 
moiety. 

In conclusion the infrared data indicate that 
(CoH. )M(CoH,) complexes are sandwich type molecules 
comprised of symmetrically bonded planar five- and eight- 
membered rings. The bonding between the lanthanide ion 


and the rings is largely ionic. Although the evidence 


is indirect the bonding seems nevertheless to possess some 
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covalent contribution most probably through metal d and 


ligand orbital mixing. 


iii) Mass Spectra 

As previously mentioned the yttrium and lutetium 
complexes are readily sublimable, the other compounds 
are volatile and stable enough to exhibit parent ions 
in their mass spectra. The observation of the parent 
ions for all the mixed sandwich complexes provided 
unequivocal evidence for their formation, and functioned 
as an indirect measure of purity with respect to volatile 
by-products especially in regard to M(CoHe) , complexes 
which, as mentioned, sometimes contaminated the original 
crude products. 

Table 9 lists the fragments for the most abundant 
metal containing ions and Figure 3 gives a partial 
fragmentation scheme for the holmium complex supported 
by observation of appropriate metastable peaks. A complete 
listing of fragment ions will be given in the final 
Chapter for some of the complexes. 

The data in Table 9 suggest some differences in the 
decomposition pathways for the mixed sandwich complexes 
within the mass spectrometer. It is immediately apparent 
that the relative abundance of the parent ion for the 
neodymium and samarium complexes is substantially lower 


than for the other members of the Table indicating lower 


stabilliity of the C ion for the early lanthanides. 


+ 
ela 


bow. Lstade apy: Seiete 
A hf; ea e ory a Ay Ass Tay 


PTR ean. |. ah 83 att ‘pane. aden via 
ebovodinas Kemeo ~ “ oildisart fel — al : 
OL SOR sid Piss 
. CTT: sea! sae. 
,  Bemivirid 2 boed bie ‘eta hace ¢ Bax bi #0 
oo eh i hiss ROE ym af liane» se Semobiva. te 
HL PALOV | wey ate a hatte at 3 i soem : 
ms bbe teme ss. ee abner ‘pin itaimegen: 


Lit | ayes whe Some ‘tenalawon ~ 


(Jae 


PIO A tM ne ah edentl heal seat + 


i 


Vere’ OT 

: : : oe se } in 2 Nh mA Ta bee ‘ 
TS ke ONES. ay did pe I aida he m: piso ne a) ee 
aN sania ics Vo th post ia all + he pen wy: tot epee Prag 


bi , y bth dna Seinen ee) ae in ae ane eae tian 


eee i ‘nt sitar pe ae snepiriade - tte 
fas fs cneae dgitpitera! ‘ee, asp Sent 


on joa deli, ataat, ‘onl O's aster ear % 


Me va) iit, 


aamheoieee Bars 03 ip a Maes Ss 908 A sgortie 


ety) yy 
a 


) i ut Sj Ay " 
a Man iy ae 7 aay) " 
, eC Wh Se ae ; ; 
, ae ) mn he a ve Alvar’ wi li , i Jie 


54. 


"AD OL = BHheRTOA Bbutztuol. 


*usATH Zou eAanjerzeduia} soAnos !$gg9 *soy woraz eed, 


"USATH Zou sanjzexzsdusz sdoAnos $69 ‘Joy worz e3ed,, 
ee aE a SS ee a se ee ee Ee ee 


- rT rT bl OT> ot OOT qth 
- 0z ST G6 8Z LT OOT 2s 
oSOT 8T af TL OT OT OOT nT 
Sot Sz 136 1G TP ys OOT Iq 
S0ET 92 OT Es OF 0°F OOT OH 
sao 9°8 9°8 E€ ag Z°8 OOT x 
00ST ie S OOT ote : ez ws 
sore 0z CI OOT T8 p> LY PN 
pace 0s W wH’s WH? WeH®a wi tytly «= WET yETS W 


De + ~ + 


58exeT duod (885) w( SH) FO 


e2zz00ds sseW ey} UT SjueWberg HbuTuTequOD TexeW AOLeW AOZ souepunqy sATIeTSY °6 STqeL 


oR ait 
= if 5 
4 WS) 
5 ; ; 
‘ Ae vi 
Baie Hits 
: 1A 
f at, 
ee 4 
wy va 
Mh BPE hie 
a, 

? t 
h ait 
| 
i 
' 

; 
¢ 
| 
5 
i 
te 
\ 
i 
a cies 
4 4 
‘4 
5 rc ve 
, Pe \ns 5 
‘ - ; 
Ni A 


i 
4 ‘ 
4 
o 
ws 
ty 
i 
} 
a - 
‘ 
“4 
¥ | 
é ier 
ve 
i 7 y, 
r i 


Ho* 


Figure 3. Partial Fragmentation Scheme of (CH. ) Ho (CgH,) . 


9s bes 


Also, for M = Nd, Y, Ho, and Er there is no significant 
difference in the abundance of the CoH.M™ and CoH M” 
fragments within each spectrum in contrast to M = hil; 
Sc, and Ti where CoH.M™ is relatively more abundant. 
This difference is in keeping with the larger sizes of 

Y and the lanthanides which would be expected to favor 
bonding to the larger ring. The CoHeM™ ion is also much 
more abundant in the samarium complex compared to CoH M” 
However, this may reflect the well known stability of 
the 2+ oxidation state for the element, thus, decomposi- 
tion via the neutral CoHeM moiety would be favorable, 
and in the Conon fragment the samarium is formally in 
the 2+ oxidation state. The same behavior will be seen 
in Chapter IJ7 for the base adducts of the ytterbium 


complex which also has a relatively stable 2+ oxidation 


state. 


The differences noted above seem to point to a slight 


gradation in properties as one proceeds from neodymium 


to lutetium such that the decomposition pathway for the 


relatively small lutetium 3+ complex more nearly resembles 


that for the titanium and scandium complexes. The infrared 


5G: 


data might also be taken to suggest a similar variation when 


looking at the out-of-plane bending vibration for the cyclo- 


pentadienide moiety, Table 3. The frequency is lower for 


the lighter lanthanides (Nd, Sm), and approaches the position 


of (C.H.) Sc (CgHe) in the lutetium mixed sandwich 
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complex. 

The partial fragmentation scheme shown in Figure 3 
also shows differences in proceeding from neodymium to 
lutetium. The scheme in Figure 3 is identical for VeEerium, 
holmium, erbiumand lutetium as indicated by observed 
fragment ions and metastable peaks. However, for lutetium 
the metastable peak for loss of C_H. from the parent ion 


D5 
. ; He 569 68 
1s considerably weaker. In the scandium 


and titanium 
complexes no metastable peaks are observed for loss of 
CoH. from the respective parent ions. For neodymium 
and samarium the low abundance of the Ce ae fragment 
Suggests that decomposition in the mass spectrometer via 
loss of acetylene as shown in Figure 3 is less favored 
for the early lanthanides. Also, only metastable peaks 
for loss ‘of CgH, and for loss of CoH. can be confidently 
assigned. In Chapter III additional mass spectral data 
will be considered to see if this difference in decom- 
position pathway is still observed. Nevertheless, from 
the limited data here coupled with the infrared data it 
seems reasonable to suggest that the overall degree of 
electrostatic character in the metal-ligand bonding 9for 


the early lanthanides is somewhat higher than for the 


later lanthanides and yttrium. 


iv) NMR Spectra 
Attempts to obtain tH NMR spectra for the unsolvated 


complexes of neodymium, samarium, holmium, and erbium have 
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so far proved unsuccessful. This is attributed to problems 
caused by low solubility of the complexes and the presence 
of the paramagnetic center within the complex. To date 
spectra have only been recorded for the yttrium and 
lutetium compounds. The data obtained are presented in 
Table 10 along with that for the scandium complex. An 


1h NMR spectrum obtainable for the diamag- 


example of the 
netic complexes is shown in Figure 4. The appearance of 
two sharp singlets is consistent with an n°-CoHy and 
n?-C.H, ligand bound to the metal. The chemical shifts 
for the carbocyclic ligands in both the yttrium and 
lutetium complexes are essentially equivalent and are 
in the expected region as judged by the scandium data. 

The 13, data obtained for the (C-H_) ¥(CoHg) complex 
deserves a few comments. As expected two resonances in 
an approximately 8:5 ratio were observed for this compound, 
the assignment of the resonances to the CoH, and C,H, 
rings being further secured by selective proton decoupling. 
It was noted however in the original spectrum, recorded 
at 15.08 MHz, that the signal due to the eight-membered 
ring was a doublet, the five-membered ring being observed 
as a sharp singlet. Since the yttréum nucleus has a 
nuclear spin of 1/2 in 100% natural abundance, the Origin 


Gaels coupling. wo 


of the doublet was assigned to 
verify this assignment the spectra were recorded at 22.6 


and 100.6 MHz. The doublet splitting remained constant 
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Table 10. NMR Data for KeoH LYM CC. Mayr” 


a NT el 


M ly NMR (ppm) els NMR (ppm) 
Solvent CoH, erie CoH, CoH, 
eh Eee ree eee nes lk TENE) ey 
Y Tol-d, 6.25s 5.34s 93.4a° 108.1d° 
Lu Tol-d, 6.24s 5.29s 
scot CS. 6.37s es 


i re ee ne ee Ee i at is) ee oe 
“chemical shift relative to TMS. 


be = singlet, d = doublet. 


J SG GNZ, a: Sel OZ: 
y-t3¢ 89)_13, 


Opaca from Ref. 69. 
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Figure 4: 


100 MHz 


6 5 
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S (ppm) 


H-FTNMR Spectrum of (C 5H.) Lu(C,H,) 


in toluene-d,. 
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at 3.6 HZ. However, at 100.6 MHz the cyclopentadienide 
resonance was also a doublet with 1.5 Hz splitting. This 

is a very small value which is beyond the resolution of 

the other instruments and as a result the resonance appeared 
only as a singlet in the previous spectra. The coupling 
between 37% and me is clearly demonstrated by these 
measurements. It is interesting to note that the magnitude 


Olu: is greater than Jvc HL° It is tempting to say 


Sere 55 
that this observation further supports the speculation, 
presented in the infrared section, concerning the greater 
involvement of the CoH, as opposed to the CoH. ring M.O.'s 
with the metal ion. That the extent of metal-ligand 
bonding has important consequences on the magnitude of 
the coupling constant comes from a comparison with other 


known J The value is 28 Hz in [Li (THF) ,] [¥ (CH,- 


89,13," 
SiMe Walt 33 which contains an Y-C o-bond, decreases to 

47 
L262, H2.fonsthe JyeMe Jan [ (C,H-) ,YMe,AlMe.] Where electron 
Gefitcient .V-C-Al. bridge, .bondingwexists ,dandyis barely 
observable in the mixed sandwich complex where highly 
delocalized and largely ionic bonding predominates. 


13, chemical shift data should be mentioned. 


Finally the 
Although data for analogous metal complexes for comparison 
is scarce, the chemical shifts of the rings are in the 


region expected for largely ionic cyclopentadienide and 


cyclooctatetraenide moieties. 
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4. Conclusion 

The low solubility of the mixed sandwich complexes 
of the lanthanides and yttrium has limited investigation 
of their chemistry mainly to work in donor solvents which 
will be fully discussed in the following chapter, but 
from the data obtained it is possible to gain some insight 
into these compounds. 

From the infrared and mass spectral data there 
appears to be an indication that early members of the 
lanthanide series differ from the later members and 
yttrium. This is also suggested by the greater azeticulty 
in preparing the neodymium and samarium complexes. 

Similar difficulties were encountered by Dubeck!? etnals 
when they were unable to synthesize the (C.H,)MC1.-3THF 
complexes for the early lanthanides. It has been mentioned 
that the lanthanides have a strong tendency to obtain 

high coordination numbers so it is not unexpected that 

as the early, larger lanthanides are approached the 
balance of mainly electrostatic interaction and maximiza- 
tion of coordination number may become more delicate. 
Nevertheless, mixed sandwich complexes of the early and 
late lanthanide elements and of yttrium can be synthesized. 
The complexes appear to contain pentahaptocyclopentadienide 
and octahaptocyclooctatetraenide rings similar to those 
found in the analogous titanium and scandium complexes. 


Although, the solid state structure may involve additional, 
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mainly electrostatic, interactions such that well separated 
monomeric units are not obtained. However, as shown by 

the structure of the Nd (C_H,Me) , complexes, these inter- 
actions should not significantly perturb the i and ue 
bonding modes of the carbocyclic rings. Should this 
assumption be valid for the mixed sandwich complexes also, 
it seems reasonable to say that the data suggest a slight 
decrease in the overall degree of electrostatic character 
in the metal-ring bonding as one proceeds from the larger 


3+ eation’ to the *smadler cred cation. 


Nd 
The properties observed for the mixed sandwich 

complexes are quite similar to those of other organolan- 

thanides containing these carbocyclic ligands and are in 

marked contrast to those of uranocene. Although our 

data has been interpreted to suggest some covalency in 

the bonding, there is, as yet, no evidence for significant 


metal-ligand covalent interaction in organolanthanides 


similar to the one which has been established for uranocene. 
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CHAPTER THREE 
LEWIS ACID CHARACTER OF THE MIXED 
SANDWICH COMPLEXES (C.H.)M(CoHg) . 

i) Antroduction 

The ability of the mixed sandwich complexes of the 
lanthanides and yttrium to function as Lewis acids was 
indicated in Chapter II by the initial isolation of 
tetrahydrofuran adducts prior to vacuum drying to produce 
the unsolvated species. This Lewis acidic behavior was 
not discussed for the analogous scandium and titanium 
complexes, but has been found and investigated for the 
tricyclopentadienide derivatives of the lanthanides?/ "2830-34 

It was thus of interest to investigate the scope of 
the Lewis acidic properties of the mixed sandwich com- 
plexes. In this chapter we will report on the range of 
Lewis bases that have been coordinated successfully to 
(C5H5)M(CgH,) complexes and on the effect of adduct forma- 
tion on the physical properties of the base free 
complexes. A comparison between the Lewis acidic behavior 
of the tricyclopentadienide and mixed sandwich derivatives 


of the lanthanide metals also will be given. 


2. Synthesis : 


The preparation of the Lewis base adducts is straight- 


forward as shown by the general equations. 
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Toluene 


See co 
(CoH_)M(CoH,) + excess L RT. 


(III-1) 
(C,Ho)M (CgHa) “15 
Toluene 
(C_H.)M(C.H,)-THF + excess L ——>> 
525 8° 8 RAs (III-2) 


(C.H5)M(CoH,) -L + THF 


Direct reaction of the Lewis base (L) in toluene with the 


unsolvated mixed sandwich complex in toluene at room 


temperature produces the base adduct which can then be isolated 


by low temperature crystallization. Occasionally however, 
this yielded powdery or microcrystalline products instead 
of well formed crystals. In this manner representative 
compounds were prepared with the following bases: tetra- 
hydrofturan) (THE), pyridine, (py), pyridine-d, (py-d,) [as 
an aid in spectral identification], cyclohexylisocyanide 
(C,H, {NC), and 1,10-phenanthroline (1,10-phen). Other 
bases attempted by this route that did not yield isolable 
adducts were: 2,3-dichloropyridine, triethylamine 
(NEt,), diethylamine (HNEt.,), trian =-butyl phosphine 
(P(n-Bu) 4), triphenylphosphine (PPh,), dicyclopentadienyl- 
tin (SnCp.), and triphenylphosphonium cyclopentadienylide 
(acer OW 

Another base which has been investigated was ammonia. 
Dry ammonia was condensed onto the unsolvated mixed 
Sandwich complex at liquid nitrogen temperature and the 


formed slurry was then kept stirring at -50°C for one 
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to two hours. The excess amonia was boiled off leaving 
the base adduct which was further dried by passing a stream 
of dry nitrogen over the complex. 

It was later found that the THF displacement route, 
eq (III-2), could equally well be applied to the synthesis 
of base adducts of the mixed sandwich complexes. This 
reaction also, works only with those bases which gave isol- 
able adducts via eq. (III-la). Although it was more con- 
venient to work with excess ligand, the reaction with 
isocyanide and pyridine was carried out in several instances 
with stoichiometric amounts of the bases. The same adducts 
were isolated in these cases too. Thus the THF displace- 
ment is’ genuine and represents an apparent preference of 
the mixed sandwich complex for isocyanide and pyridine over 
the THF molecule, This is probably true for the other bases 
as well. 

Because the THF adduct is now both precursor to the 
base free mixed sandwich complexes and starting material in 
the base displacement reaction (eq. III-2), the synthesis of 
this adduct was extended to the lanthanum, praseodymium, and 
ytterbium metals in addition to those listed in Ghapter II. 
It was in the ytterbium reaction that a by-product formulated 
as Yb, (CgHe) 5 was also isolated. This will be discussed in 
Chapter IV. Due to the very low solubility of the YDo (CoHe) 3 
complex it was readily separated from the desired (C.H.) Yb- 
(CoH,) *THF. In the praseodymium and lanthanum reactions it 


became increasingly difficult to separate the desired mixed 
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sandwich species from the by-products, and for lanthanum it 
was not possible to completely purify the mixed sandwich 
complex. A similar problem with the early lanthanides was 
alluded to in Chapter II where the low yields of neodymium 
and especially samarium mixed sandwich derivatives were 
mentioned. Nevertheless, the complexes can be prepared with 
varying degrees of difficulty in their purificateron. 

The formulation of the base adducts as the mono- 
ligand derivative (CoHe)M(CoH,) -L is supported by elemental 


analysis, and in favorable cases by NMR data. 


3. Results and Discussion 

The Lewis acid-base adducts are, with the exception of 
the 1,10-phenanthroline adduct, moderately soluble in 
toluene. With 1,10-phenanthroline the maroon holmium adduct 
and green Brace enn complex precipitate from solution and 
are insoluble in all common organic solvents. Qualitatively 
the adducts appear to be somewhat easier to handle in the 
solid state than the base free mixed sandwich complexes but 
this is most probably due to the well formed crystals 
obtainable for the adducts which decompose more Slowly than 
the microcrystalline or powdery base free complexes. The 
adducts are generally darker colored than the corresponding 
base free complexes (colors and analytical data will be 
found in Chapter VII). The change in color of the (C-H.) Yb- 
(CoHe) complex from deep blue to dark green upon formation 
of the cyclohexylisocyanide adduct is the most vivid example 


of this behavior. 
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i) Vibrational Spectra 

It is clear from the detailed discussion given in 
Chapter II that the most significant features in the 
infrared spectrum of this type of complex are the appear- 
ance of three main bands in the 600-1600 cm + region 
assignable to the asymmetric C-C stretching [v, (C-C) ], the 
in-plane C-H bending [6(C-H)], and the out-of-plane C-H 
bending [y(C-H)] modes of the CoHe and CoH, rings.) “The 
complete spectra will not be given here but only the 
bands noted above and pertinent vibrations arising from 
the base. Some complete spectra will be given in the 
experimental section of the final chapter for identifica- 
tion purposes. 

We first consider the tetrahydrofuran adducts. 
emenemias complexes as well as their yttrium analogues 
readily form adducts with oxygen donors, * thus at 1s not 
Surprising that the mixed sandwich complexes form 
THF adducts. In/’Figure 5 the spectra for holmium, 
yttrium, and neodymium complexes are compared. The 
general similarity between the early and late member of 
the lanthanide series is again apparent. The close 


correspondence for the yttrium complex again demonstrates 
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its structural relation to these organolanthanide complexes. 


A comparison to Figure 1 shows that the spectra are very 
Similar to the unsolvated complexes, the differences 


residing only in the appearance of additional bands due 
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to the base and small changes in the position of those 
bands that are sensitive to the metal-ring interaction. 


For this reason the spectra again indicate an n=c H 


ey 5) 


and neOaH J bonding mode for the carbocyclic rings. 

Table 11 lists the position for the assigned frequencies 
plus two characteristic vibrations due to the tetrhydro- 
furan ligand. 

The difficulty in purifying the lanthanum derivative 
was mentioned above and leads to difficulties in obtain- 
ing a clean spectrum. By recrystallizing the complex 
from tetrahydrofuran the bands assignable to by-products 
decreased in intensity but could not be eliminated. The 
(CH) region for the CoH. ring always appeared too 
strong and too broad, thus the band positions for the 
lanthanum complex are not given in Table 1l. 

For the remaining complexes no such problem occurred. 

Having made the conclusion in Chapter II that there 
is a substantial electrostatic component in the metal- 
ring bonding which is reflected in the low frequency of 
the out-of-plane C-H bending mode for the DiAgS wets 
now possible to consider the effect of coordination of 
THF on these bands. It would be reasonable to assume 
that as the mixed sandwich complex forms a Lewis base 
adduct the amount of electron density required from the 
other ligands to satisfy the electronic demand of the 


metal ion should decrease resulting in more ionic metal-ring 
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bonding. Comparison of the data in Table 11 with that 

for the respective unsolvated complex in Table 3 generally 
reflects this expectation. It is seen that,.with) the 
exception of the lutetium derivative, the frequency of 

the out-of-plane C-H bending mode of the CoH, ring decreases 
by approximately 15-20 cm? upon adduct formation. 
Interestingly however, the analogous vibrational mode 

for the CoH, ring remains relatively constant. 

It thus appears that the bonds between the metal and 
the cyclic ligands retain their ionic character and if 
anything, for the complexes up to erbium, are more ionic 
in the THF adduct than in the base-free mixed sandwich 
complex. This same effect of increasing degrees of ionic 
character upon adduct formation with a Lewis base was 
demonstrated for Ca(C,H.), and its THF adduct. // Lt-ais 
interesting that the spectral changes and the implied 
charge variations on the rings are what would have been 
predicted based on the speculative ideas presented in 
Chapter II concerning the bonding in these complexes. It 
was shown that the most probable metal-ring interactions 
are between the metal 6d tdyhot ow Sa and the e5 M.O. 
of the CgH, ring. Adduct formation should perturb this 
interaction the most causing electron density to flow 
back onto the C,H, ring, the charge ‘on the CoH moiety 


8°°8 > 
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The bands shown in Table ll for THF are attributed 
to ring stretching vibration’/785 and are the most sensi- 
tive to coordination. They occur at 1067 and 908 cm7? 
respectively in free THF. The decrease in frequency of 
these vibrations in the adducts represents a significant 
but relatively weak M-O interaction. The highest frequency 
band usually shifts by 40-100 cmt, the value observed 
here of ca. 40 cm + being at the lower end of this range. 
These bands in the praseodymium and neodymium complexes 
appear at lower frequency than for the later lanthanides 
and yttrium as seen in Table 1l. This greater preference 
for the oxygen ligand in the early lanthanide members may 
reflect increased hardness of the metal center relative 
to the later entries of the Table, some structural 
change, or it may simply be a reflection of the decreased 
ligand-ligand repulsion created by the larger size of the 
lighter lanthanides. Unfortunately the frequencies of these 
vibrations are not generally available for the THF adducts of the 
tricyclopentadienide derivatives of the lanthanides which 
would permit a comparison of the Lewis acid strength for 
the two types of organolanthanide complexes. However 


in the Cp,Yb-THR?+ "27 


complex the bands at 960 and 838 

cmt are apparently due to THF. This would indicate a 
stronger Yb-O interaction than in the analogous mixed sandwich 
complex where the bands are at 1033:,and 880 cm? , This 

of course is not sufficient to make a general statement 


about the relative strengths of the two classes of Lewis 


acids. Although, the relatively easier removal of 
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coordinated THF from the ace sandwich complexes is in 
accord with the above conclusion. It should be possible 

to get this information by extending the data to additional 
bases common to the two series. Because Eq (III-2) shows 
that some bases can readily replace THF the data should 
also reflect this greater base strength relative to THF 

by further lowering the frequency of the out-of-plane 

C-H bending modes. 

In Table 12 arecollected the data for the cyclo- 
hexylisocyanide, pyridine, ammonia and 1,10-phenanthroline 
adducts. This represents the types of base adducts that 
have been isolated and will be further discussed below 
when considering the reactivity of the mixed sandwich 


complexes. 

The cyclohexylisocyanide adducts were also extensively 
investigated. The reason for this is twofold. The adducts 
represent interesting examples of organolanthanide complexes 
because there exists a lanthanide to carbon o-bond in 
addition to the symmetrical metal-ring bonding. Further- 
more the base has been found to complex strongly to the 
tricyclopentadienide derivatives of the lanthanides and 


fe es Since the infrared spectra of these adducts 


yttrium. 
have been reproted, a meaningful comparison of the Lewis 
acid strengths of the tricyclopentadienide and mixed sand- 


wich complexes of the lanthanides is also possible. The 
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strength of adduct formation with the M(C,H5) ,°CNC H 


ip ka 
complexes is evidenced by their ability to sublime 
unchanged at 150-160°C. Within the mixed sandwich com- 
plexes it is found that the cyclohexylisocyanide can be 
removed by vacuum drying below 100°C, and that none of 
the complexes sublimed as the cyclohexylisocyanide 
adduct. In the samarium case vacuum drying for 18-20 
hours at room temperature removed the base as evidenced 
by disappearance of the C-N stretching frequency, v(C-N), 
at 2180 cmt, Stronger metal-isocyanide bonding in the 
case of the tricyclopentadienide complexes is clearly 
indicated by these observations. 

A different way of assessing the relative strength 
of metal-isocyanide interaction comes from the analysis 
of the infrared spectra of the Combteres in the C-N 
stretching region. One way this can be understood is to 


consider the free ligand to be a hybrid of forms A and 


B. Although the free isocyanide is bent indicating a 


N=c: + sa 
R~ R——N = C: 


A B 


predominance of form A, upon coordination to a Lewis acid 

, 86 
form B and a linear isocyanide moiety is usually favored. 
In the absence of complications arising from strong back 


donation from the metal into empty 7* M.O's of the base, 


the increase in v(C-N) upon adduct formation thus reflects 
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the increased importance of form B and consequently gives 
a measure of the strength for the metal-CNR lope an Peal 
For Lewis acids containing boron, aluminum and the lan- 
thanides, the isocyanide is expected to behave as a pure 
o donor and the simple correlation just mentioned between 
V(C-N) and metal-CNR bond strength should hold. Fischer 


and Beecher 


in their study on (C.H5) 3M-CNC(H,, complexes 
have treated the interaction as one due to purely o- 
donation from the base. This study was extended by 


an to include, with the 


von Ammon and Kanellakopulos 
exception of promethium, all lanthanide tricyclopenta- 
dienide complexes. The variation in v(C-N) in the 

(CH, ),M°CNC(H,, complexes can be seen in Figure 6. The 
observation of the so called tetrad effect is interpreted 
by von Ammon as an indication of partial covalent char- 
acter of the M-C bond. In addition an analysis of the 
paramagnetic shifts of the CoH. protons apparently 
indicates a small bending of the isonitrile group. Based 
on these two observations the possibility of f + 1* back 
bonding in these adducts was raised by these two research- 
ers. However, a single crystal X-ray diffraction. study 


ee complex indicates an essentially 


for the praseodymium 
linear isocyanide, C-N-C angle of 177.8 (1.6)°, with C-N 
bondjiiength of 1.1 A which is consistent with the presence 


of a C-N triple bonds” SThe’ structure’ clearly ‘favors form 


B with the isocyanide functioning as a pure o-donor group. 
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Figure 6: Stretching Frequency, Y (NC) for cyclohexyliso- 
cyanide Adducts: 
[M] -CNC HH), 
[M] = M(GeHa).o03 represented as o 
[M] = (CoHo)M(CoH9) i represented as @e 
: BY —] 
Free C6H,,NC; Y (NC) = 2138 cm 


a ee ee ee a ed ok 
a) Data taken from and displayed as in Ref. 28 
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Irrespective of the minor subtleties in metal-carbon 
bonding it is evident that the base is acting primarily 
as a o-donor, thus the relative acid strength of these 
organolanthanide complexes can be obtained based on the 
v(C-N) frequency of the isocyanide ligand in the adducts. 

The C-N stretching fequencies of the mixed sandwich 
adducts are also presented in Figure 6. The frequencies 
in every case are lower than those for the corresponding 
Pr cyetonentadtenitae adducts. This again indicates a 
stronger lanthanide to isocyanide carbon bond in the 
latter complexes. 

An examination of Figure 6 also reveals an interest- 
ing variation in v(C-N) as the lanthanide metal is 
Changed. Although our data are not as extensive as for 


the (C,H. ),M-CNC Hy, complexes and it is not yet apparent 


whether a variation paralleling that observed by von Ammon 


et ete, 42 will be obtained, it is clear that the increase 
in stretching frequency upon proceeding from praseodymium 
to lutetium is broken at Samarium and ytterbium. A 
possible explanation for this may lie in the availability 
of the relatively stable 2+ oxidation state for these 
lanthanide metals. The presence of reducing carbocyclic 


ligands coupled with the easily accessible 2+ oxidation 


80. 


state can be said, in a simplistic and qualitative analysis, 


to produce more M(II) "character" of the lanthanide ions 


in the Sm and Yb complexes than in the other compounds. 


06 


; wi i aikid SOT LS in Leos igh a ioe. 


oe ee 


es fais oy 

“ik i cuits Gale #3 & ne 4 ita hori sisaaicuni 
segigeh 2 ve ef penal, whe aveeetos aay owas m 
BOs anh ap ay ity fl pontene. Cal ‘ee adeed *y | 
gacvtiien acl ak brea Shan nie roa ota tone 2 


ee a Tre aid, xa pate sha) — eats 


rr ae 
hated . set a Sug ah hashonerg ont 
Fee dig AGRE. Ps Lee | " pale | abi ti: 
Inoethe  eBahnde oak aut sobindoaat 

: ee Ne = ; a ee 

nave mm obla. ef onepht. A sotsnatannen 
Dae Bast rte a Asie ate nabs: 


a 


sa ih erie sat arts é ees 7 
ue oe a ai aang teinie em i 


i, 


A 7 
has Pe 
oe in 
Pj A - 
’ 


mm, ae wt oe oie a + ae side (Leatig’ ne (ah 


| aes aad at ‘ai staateode ad ci 


“ 
Sects Pas eowq. Mest 
UT dit Sige 4 CF Ri! Sei 


hd eiond pets: 


spade BHEKO %S 


; 


> 


Beye aba atone gh 


\ nbs sabia sale ees pra as 


Sl. 


Since the M(II) ion is less polarizing than the M(IIT) 
ion the resulting metal-ligand interactions are expected 
to be weaker. This is reflected in the low v (C-N) 

isocyanide frequencies. The lower than "expected" values 
that are often, although not consistently, observed for 
the out-of-plane C-H bending modes for the C_H. and CoH 


545 
rings with these two metals (Tables Il,.12),also tend 


8 


to support the above suggestion. 

Inspection of Tables 11 and 12 also reveals that, 
as observed in Chapter II, there seem to be increases 
in the frequency of the out-of-plane C-H bending modes 
Of i both CoH, and CoH. rings proceeding from praseodymium 
to lutetium, or more appropriately it may be said that 
the frequency of these vibrations on the whole is lower 
for the lighter lanthanide complexes (Pr, Nd, Sm) 
than for the heavier lanthanide mixed sandwich deriva- 
bives. (Ho, .Ey, Ybeubu)as This) sas Suggested in Chapter 
II, is in keeping with the expected slight decrease in 
the overall electrostatic character of the metal-ligand 
bonding for the latter compounds. 

The last point to consider for the isocyanide adducts 
relative to the respective tetrahydrofuran adducts is 
whether the infrared data in Tables 11 and 12 correlate 
with their apparent differences in base strength toward 


the mixed sandwich complex. Since the THF was replaced 


by the stronger o-donor, C_6H, NC in this case, the 
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lanthanide ion requires less Pieettan density from the 
carbocyclic rings in the isocyanide adducts and this should 
be reflected in lower values for the out-of-plane C-H 
bending modes. This mode (empirically demonstrated in 
Chapter ee is sensitive to the amount of electron 
density in the ring, decreasing in frequency as the 
electron density increases. Reference co Tables! il "and 12 
shows that, although this seems to be borne out in general 
Cr(C-H)4 for “the C.H. ring of Pr and Yb being the 
exceptions), the changes in frequencies are rather 

small and at the threshold of chemical Significance. 

This of course is not very Surprising. We have already 
observed that the changes in the y(C-H) modes upon THF 
adduct formation aithough detectable for the CoH, ring 
were minimal for the cyclopentadienide moiety. Since 
adding a base to the unsolvated complex certainly produces 
a more drastic electronic change in the complex than 
replacing one base by another, the changes in frequency of 
the y(C-H) modes for the rings are expected to be smaller 
for the latter case. This is seen from the data in Tables 
ll and 12. It is clear that because of the small changes, a 
ranking of the bases according to théir base strength toward 
the mixed sandwich complexes based on the position of 

these vibrations is not feasible. Indeed it is interest- 


ing to note that an oxygen donor function (THF) can be 


displaced by carbon (CNR) and nitrogen (Py, NH, 1,10-phen) 


a tht ae 


it 3 moet ‘yi alow eras 

atin elie” giahehcd AD sbbibbd eslineyone odd Ai 
ae oth op iigot a ond aon" ‘penne LO" ‘enter! 

Pea fortes ring As Cats kano? pbioit : 

| ei? ee iar f we uy ume bi mehieee 

ine £58 tei sit aii ire? Fc a , bamiiuen ab! Want oe . 


ey 


“} a seo cod Tee Saal het: eons 
‘oe woned av wan he sien ge? ast wt 
~geVay 20S anne ohana as sioahe Pits or 
Ae ees Hint ve baivin ttn to bfiotitemts" oat 6) 
Pe ee fee Ci at i deen bi ebay nn 44 
Wet ao Behn Let} : ‘eet ge yi topaade: ity mae 
oe Pou mt! sera sesh dapeitscesiiok se 
Moss 4 . Veen ails ph ne egotags oak aon 
dels ste eral ine BGne oe anna tbe +s 4 " 


\ pera tis “aati ont eit swirl en enn 


te qoaisayinet ni, aoneindiy aia ; Pere mien 10 pads 
tek Sith aa ad basoege « i een ‘ait ie! ‘giobe! ast 


Pun 


qaddet th) AdRe vit eas one a a: giro 


‘bined tite ant tc maveson: yaa’ seats a Eales 


‘ 


‘Baawor ityaaeatin wped ayaets tn “ort Bia & wpe 
be ah i “Keo ‘wid ‘0 betbieed ene gt toliinei | 


“ania iG pert” Cardi acon Hee “ee ai “ 
fa! aw 
ey aes aes acon tone renga in Se a 


( 
at! 


aod hee gues ayn sions bre (ey ela 


‘t = 
oo a ay 


$3. 


bases in the present complexes. The preference of the 
hard lanthanide ions for oxygen ligands is well recognized, 
the present observation with the mixed sandwich complexes 
points again to the increased softness of the complexes 
when reducing, highly polarizable carbocyclic ligands 

are, present: 

The few nitrogen base adducts listed in Table 12 
were prepared only in order to see whether some nitrogen 
donor ligands could effectively compete for a coordina- 
tion site on the mixed sandwich complex. A 
detailed discussion of their infrared spectra, comparable 
toythat. for. THF) and CNC 6 H14 adducts, will not be given 
due to the paucity of data. 

The assignment of the characteristic base vibrations 
was done by comparison to literature values. Gill et 
Bee have looked at the spectra of numerous pyridine 
complexes noting that most of the bands remain constant 
in the 600-1600 cm 2 region with the exception of the 
band in free pyridine at 1578 cm? which shifts towards 
1600 em? upon complex formation. The three bands shown 
for pyridine vibrations in Table 12 are moderately strong 
to strong bands which are easily observed and the band 
near 1600 cm + Leiwhypical of, coomdanated. pyridines...For 
the ammonia adducts the ligand vibrations also are 
as expected. The N-H stretching frequencies in free 


ammonia occur at 3414 and 3336 cm? and experience a 


Teesiopeaes. ti st ek. ee a iota a= se 


ant te sonst oui 


a Pe a apie: Bi BS : ‘ei a vee Bs saa a se, pa st 
sin geo Lith 8 ads i stil vena Kamera co | 
| RAD A ‘sane iY: nat te sade vse 


Tae v i ee 
Ose stid yi eet Ao yaad asain i 
hoa foeects 


Lio  @. Sere ; aa enn wh i i sopXae “bhie ei 

ce abt Ae swenee boklae odd mip. ‘oats 

th edi eyt: | ee he ‘Som up hy my niet, pt) mokneigton 4b 
os et P wr EG buts 4 eeu, re png. co core 
PN ie ie Ti, wiieweg, ont ) 

ad syaetma aus 26; neste ? 

ine » ARLE  ecagyeBS. ot coeksacne?, 4 Be 

nian Bose irs fine agian eat iit ait sou ‘ 
ame aa =i ‘oats 36 8M, ne saben. ep tga 

. 4 Sa 28 ee sani lnwae aatens < vie, n0atn099's 
ROR act hte Ab et tre BR EM ae scthisienuoien ae 
Aeon she denen ah, ¥ naka inet ae ous i 
ppc pee bgche amet ‘ ae 245 ) my ia | ayes ‘a ahd 
arr | am git Lh si i) ; re 40 sakes vain me > aot : 


hal ed ys | 


2.8 tout iN oe sete ae i ; 


=o 


y f sO bide ® 


he 


yy 


Ae 


. , 


84. 


decrease upon coordination.” This is as observed in 
both Nd and Ho complexes. Again the remaining vibrations 
are strong ligand vibrations which permit easy character- 
ization of coordinated ligand as these appear in regions 
typical of complexes involving ammonia. For 1,10-phen- 
anthroline the bands due to the ligand are too numerous 
Co ipvst. 

Examination of the characteristic ring vibrations 
listed in Table 12 for these adducts reveal that although 
the band positions tend to support the conclusions so 
far reached based on infrared data, there are a few 
anomalies relative to the trends we have tried to establish. 
For all of the adducts, the out-of-plane C-H bending mode 
for the CoH ring is at lower frequency than in the 
unsolvated complexes, Table 3. This is also true for 
the CoHe ring except in the neodymium complex with ammonia 
where there is no change and in the pyridine adduct where 
the frequency is apparently higher (799 br) than in the 
base free complex (789/772). However in this last case 
the broadness of the band in the pyridine adduct makes 
comparison tenuous. The higher y (C-H) frequency of the 
CoH. ring observed in the neodymium ammonia adduct than 
in the corresponding THF adduct also is not as expected 


based on the displacement of coordinated THF by ammonia. 


No explanation can be offered for these observations. 
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It might be good to emphasize at this point that in 
addition to the above mentioned anomalies a few other 
exceptions to the trends in the infrared data can also 
be found in the frequencies listed in the Tables. Some 
of these reflect subtleties of the lanthanide ions them- 
selves (Sm, Yb). Some are unexpected (ex. low frequency 
of the y(C-H) mode in the Er compounds) and for these 
we have no explanation to offer. Nevertheless, we believe 
that the great majority of the data lend credence to the 
trends discussed. 

To complete the picture obtainable from vibrational 
data, Raman spectra for the complexes could be informa- 
tive. Raman data for organolanthanide complexes are not 
extensive. This is partly due to the propensity of the 
lanthanides to fluoresce thus causing problems in obtain- 
ing clear spectra. This problem was also encountered 
in this study for most of the lanthanide complexes. The 
compounds for which spectra were obtained are given in 
Table 13 together with data for related compounds. 

The Raman spectra of the complexes consist of two 
Strong bandswat. ~-1120. and — 7/50 cm7? in addition teva 
complicated, multiple absorption region from 300 to 200 
emf. The bands. at 1120) and) 750) cule con be assigned 
confidently to the symmetric ring breathing modes of the 
925, 9S, LL 


CoH. and CoH, rings respectively. 


the low frequency region is not possible. Reference to 


Assignment in 
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that this region is associated with metal-ring stretching 
vibrations. The expectation for an isolated (CoHe)M(CoH,) 
molecule would be the appearance of the symmetric and 
asymmetric metal-ring stretch in this region. The actual 
Spectra contain several additional bands. The low frequency 
Raman region of Nd(C.H.) 3 is also complicated perhaps 
because of association in the solid state which has 

already been mentioned. It is possible that 

complexity of the spectrum of the mixed sandwich compound 
is also related to such behavior. At any rate, the appear- 
ance of bands in the region normally associated with 
metal-ligand skeletal vibrations also suggests some 


metal-ring covalent interactions. 


ii) Mass Spectra 

Table 14 displays the major metal containing fragments 
observed for the base adducts of the mixed sandwich com- 
plexes. The first thing to notice is that the parent ion 
is usually not observed. This is not entirely unexpected 
since the infrared data and physical properties of the 
compounds so far presented did suggest relatively weak 
metal-donor interaction. As we have seen before the 
6 ah, aM ion, the fragment resulting from the loss of 
the Lewis base from the parent molecule, is more intense 


for the heavier lanthanides than for the lighter members 


of the series. It also appears that for the former 
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complexes, with the exception of Yb, this peak is also 


the most abundant metal containing fragment whereas for 


the Latter ‘complexes it) tis cthe CcH M* on Gai MY ions 


88 


3 9 


that are the most abundant. The anomalous mass spectral 


behavior of Yb is attributed to the relatively stable 


2+ oxidation state of the metal, which favors fragmenta- 


tion via the neutral C,H, Yb moiety and as the C_H mt 


88 


ae 


ion where the ytterbium has the preferred 2+ formal 


oxidation state. This then accounts for the weak C HM 


but very strong eHeM ions in the mass 


+ 
858 


spectrum of 


the complex. The weak C,H Mt ion could also be a 


bE Se 


consequence of this tendency of Yb toward the 2+ oxida- 


tion state. Similar arguements also_-hold for the base 


free and THF adduct complexes of samarium which also 


has a stable 2+ oxidation state. 


Inspection of the table also reveals that besides 


the two metals mentioned above, for the 
sandwich adducts both CoH.M” and CgHyM 
important fragment ions, although there 
in relative abundance of the respective 
have no explanation. ~AS pointed out in 


already this observation is contrary to 


remaining mixed 
moieties are 

are variations 
peaks for which we 
Chapter II 


mixed sandwich 


x edi + . 
complexes of the transition metals where the CoH eM HOM. is 


in considerably lower abundance than the C HoM" fragment. 


5 


Regarding the fragmentation patterns for the adducts, 


they do not provide new decomposition routes when compared 
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to the respective unsolvated complex. In particular the 
cyclohexylisocyanide adduct exhibits the same metastable 
peaks as in Figure 2 with one additional metastable peak 
for the fragmentation below: 


fee eiteer ee. 14 
1 arama rae rar 


m*=251.8 


(C[H.) Ho (C gH.) *CNC, 
(III-3) 


-+- 
(C,H,) Ho (CoHe) 


This was the first direct observation of the parent ion 
for the base adduct. An additional demonstration that 
it. behaves as the molecular ion is shown in Table 15. 
It is typical to observe the relative increase of the 
parent molecular ion at the expense of the breakdown 
tragments as the ionizing voltage is oyvenedne + This <.s 
aptly demonstrated by the data in Table 15 for the 
isocyanide adduct of holmium and the pyridine-d, adduct 
Of) Yttra um. 

We thus see that the mass spectra for the base 
adducts reflect the same differences between the early 
lanthanides and the later members of the series and 
yttrium that were discussed for the mass spectral~data 
in Chapter II. That is, the interaction between the 
carbocyclic rings and the metal appears to be stronger 


for the later members of the lanthanide series. 
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iii) NMR Spectra 
The lack of success mentioned in the previous Chapter 


in recording the 2 


H NMR spectra of many of: the mixed 
sandwich complexes of the lanthanides persisted with the 
base adducts also. In addition to the diamagnetic com- 
plexes of Y and Lu, the only paramagnetic derivatives 

that gave recognizable signals for the carbocyclic ligands 
were those of Nd and Sm. 


The data obtained are collected in Table 16 together 


with the unsolvated complexes for comparison. As shown 


in Figure 7 the resonances observed for the diamagnetic 
compounds were always sharp singlets and remained invari- 
ant over the temperature range -40 to +60°C, which is 
consistent with the symmetrical octahapto and pentahapto 
bonding modes for the CoH, and CoH. rings respectively. 
Although the li NMR spectra of the THF adducts were 
obtained in pyridine-d,, thus displacing THF, the spectra 
nevertheless provide convenient verification for the 
presence of one THF molecule in these complexes. 

This is shown in Figure 8 which includes the integration 
of the respective peaks and also by the relative inten- 
Sities of the ligand resonances listed in the table. A 
reference to the table shows that the relative intensities 


for the isocyanide ligand are slightly larger than 


expected for one coordinated ligand molecule. This is 
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attributed to the difficulties experienced in handling these 
adducts. It was pointed out that vacuum drying is capable 
of removing the coordinated base. Thus, the isolation 

of the base adducts often involves filtration and drying 
under a stream of nitrogen. Since cyclohexylisocyanide 

has a high boiling point, residual free ligand could 

remain with the desired product Causing the errors in 

the integrations. 

The chemical shift data of the diamagnetic compounds, 
although potentially useful in obtaining information 
about the charge density on the carbocyclic rings, has 
proved difficult to interpret satisfactorily. Before 
commenting on the data a brief summary of the a NMR 
data in predominantly ionic cyclopentadienide and 
cyclooctatetraenide complexes will be highlighted. 

In a careful NMR study Jackman et Pena have invest- 
igated the effect of ion pairing of carbanions on their 
chemical shifts. For contact ion pairs it is anticipated 
that the chemical shift of the anion will be at highest 
field with the largest cation since this is the case 
where the effective charge on the anion is the largest. 
Although for the alkali metal cyclopentadienides the 
chemical shifts roughly followed the above expectation 
in ether solvents and thus gave indication of the 
existence of contact ion pairs, the situation was com- 


plicated by the dependence of the chemical shifts on 
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temperature and concentration (NaC .H iy “THE 65'S o7 


S 
for a 1.0 M solution and 5.72 when the concentration is 
reduced to 0.01 M). Concentration dependent aggregate 
formation and/or Sai teehee tes between contact and solvent- 
separated ion pairs were postulated to account for the 
complications. The Ty NMR spectra of Ca(C.H.) 5 and 

Mg (C,H.) 5 were not concentration dependent, the slight 
change of the chemical shifts in THF, 65.75 and 


65.82, on going from Na to Ca and then to Mg is 


in apparent accord with the presence of contact ion 


pairs. // This argument could also be extended to Lu(C.H.) , 


where the higher effective nuclear charge on the metal 
would predict an even lower field absorption, the 
observed value’ of 65290 “in “THR * rs" in’ line with ‘this. 
However, there are some unexpected results. Allan et 


Bret! 


have found an unexpectedly large downfield shift 
of the cyclopentadienide resonance in Ca(C.H.). when 
dissolved in pyridine (66.29), specific interaction 
between polar solvent and solute was given as a reason 
for the observation. The chemical shift of Lu(C.He) 4 


however did not change with solvent, 65.83 in THF and 


579 0i1m CeDe- 


SFr. 


The Di NMR spectra of alkali metal cyclooctatetraenide 


complexes were recorded by Cox et Hin Me In diethyl ether 


the protons were shielded in the order Rb > K > Na > Li, 


suggesting the presence of contact ion pairs, whereas in 
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PME he order Rot S. 70) LitiS. 73) 2 K(5.175)..>,.Nad5.80) 
was taken to indicate contact ion pairs with Rb, K, and 
Na but the possibility of a small fraction of solvent- 
separated ion pairs with Li. Applying this idea to 
cyclooctatetraenide complexes of the lanthanides, the 
chemical shifts in THF for ¥(CH,), (65.75) ana 

La (CgH,) 5 aoe would imply more solvent-separated 
ion pairs with yttrium. 

Returning to the mixed sandwich complexes, we see 
that with the unsolvated compounds the resonance of the 
CoH, ring has experienced a downfield shift from its 
position in the corresponding alkali metal and anionic 
bis (cyclooctatetraenide) complexes. This seems to be 
in accord with the simple polarization arguments 
expressed above and would indicate a smaller effective 
electron density on the CoH, ring in the neutral mixed 
Sandwich complexes. However, SuRpDRISsing ly, 
the resonance of the C.H, ring has suffered an upfield 
shift, its position being at higher field than in alkali 
metal cyclopentadienides. Since it does not seem reason- 
able to assume higher effective charge on the C.He ring 
in the present complexes than in alkali metal derivatives, 
some other factors must be responsible for the upfield 
shift. Although by no means certain, a possible rationale 
could be,the “ring current" effect of “the C.H...ring.on 
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the cyclopentadienide protons. The structure of the 
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mixed sandwich complexes in Sebi doh could very well 
approach that of (earns tie which is known to 
contain two planar and parallel carbocyclic rings. In 
such a structure the protons of the smaller five-membered 
ring are somewhat over the electron cloud of the 

larger eight-membered moiety, in the shielding region,?° 
and might experience some upfield shift. Another puz- 


I: 


Zling observation comes from the ~H NMR data of the 


adducts. Reference to Table 16 shows that: dissolving 

the Lu and Y complexes in pyridine-d, Or recording the 
spectrum of the isocyanide adduct in toluene-d, has 
resulted in a downfield shift of approximately 0.2 ppm 
for the cyclopentadienide ring protons whereas the 
resonance position of the CoH, ring has remained constant. 
Based on the discussion in Chapter II concerning the 
involvement between the lanthanide ion and the carbo- 
cyclic rings in these complexes we might have anticipated 
greater changes in chemical shifts of the C He protons 


8 


than those of the CoH. ring. However, we have already 


noted a large downfield shift in Ca (C,H when dissolved 


aly 


in pyridine, a result which has no ready explanation. 


Also in the unsolvated mixed sandwich complexes it appears 


that more than one factor is controlling the observed 
chemical shifts. Thus it may not be surprising that 


the simple trend in chemical shifts upon adduct forma- 
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tion, that we expected (hoped for) is not actually observed. 
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We have no explanation for this NMR behavior. 

The WE NMR spectra of the paramagnetic lanthanide 
complexes differed from the diamagnetic analogues in that 
the peaks due to the carbocyclic rings were broadened 
and their position shifted from the diamagnetic values. 
Both of these observations are typical of paramagnetic 
complexes. In the absence of structural information and 
temperature-dependent NMR studies it is impossible to 
comment upon the significance of the magnitude of these 


shifts. 


iv) Electronic Spectra 

The electronic spectra of the mixed sandwich complexes 
offer an additional probe for observing solution properties 
of these complexes. However, due to their low solubility 
in non-donor solvents it will only be possible to obtain 
data for the base adducts. Furthermore, we have only 
recorded the spectra at room temperature and the objective 
here is not to make quantitative but only qualitative 
comparison with the existing data on the "free" lanthanide 
3+ ions and, where appropriate, with the corresponding 
organolanthanide derivatives. 

Complexes of the lanthanides typically display 
rather sharp, weak electronic absorption spectra. These 
arbe-attributed ‘to f-fielectronic transitions «mainly 


occurring in the visible region and being responsible 
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for, the color of the fous. Of course vary and ua 


possessing no f-electrons and tuo 


having a completed 
Shell of f-electrons will not be capable of displaying 
such f-f transitions. As was discussed in the intro- 
duction, the general scheme is to compare the data 

for the f-f transitions to that of the respective aquo 
ion. The changes in line position and intensity, the 
splitting of the bands, and the positions of charge 
transfer bands give some idea of the ability of the 
ligands to perturb the electronic transitions of what 
is considered the relatively unperturbed f levels of 
the aquo ion. 

In Figure 9 portions of the spectra are displayed 
for the necdymium, holmium, and erbium mixed sandwich 
complexes in tetrahydrofuran. As expected, there are 
a number of sharp, weak lines in the visible region of 
the absorption spectrum. There is also a strong band 
at the high energy side of each spectrum, and in the 
holmium complex it appears to be partly responsible for 
the broadness of the band at 432 nm. More complete 
spectra are collected in Table 17 for these complexes 
and the ytterbium analogues. The data in Table 17 are 


arranged in band groups which were obviously separated 
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a 
Wavelength in nm, error in the molar extinction 


coefficient, ¢€, approximately 15%. 
Phar icenter of the bands as reported in Ref. 99. 
“approximate value from graph in Ref. 100. 


quo f-f transition in the visible region; aqueous data 


from Ref. 101. 
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from one another. The data for the aquo ion 

its assignment is then placed next to the band, or region 

of a more extended grouping, based on similarities in 

wavelengths. Only the baricenter of the band is reported 

for the aquo complexes. As this requires knowledge of 

the ground and excited state Splittings,: whichvise not 

available from these room temperature spectra of the 

mixed sandwich compounds, all the observable bands 

within the group are reported. No analysis of any 

possible vibrational structure or the splittings of the 

levels is possible without detailed spectral analysis. 
First, looking at the neodymium, holmium, and 

erbium data it is evident that a general red shift 

occurs relative to the corresponding bands of the aquo 

ion. Similar, albeit smaller, red shifts are also 

observed when the comparison is extended to include the 

tricyclopentadienide derivatives. For instance, the 

spectrum of Bric ey eRe shows absorptions for Ske, at 


2 & 


546-540 nm, for A712 at 530-499 nm, and for Fo /2 at 


494-484 nm; in the Na (CpHENe oe complex there are the 


2 


bands, a5 689 (very weak)-671 nm, 


ae 


9/2 Hy1/2 629 (very 


weak)-620 nm and 4G 596-574 nm. These red 


S720 pe 
shifts are a result of decreases in both the interelectron 
repulsion among f-electrons and spin-orbit coupling in 


the complexes, +?P commonly known as the nephelauxetic 


effect. It is considered to represent a tendency toward 
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more covalent bonding relative to the aquo ions, 16 The 
general conclusion, based on band position changes, that 
the nephelauxetic effect is more pronounced in the 
cyclopentadienide complexes than in the aquo ions is 
quite reliable since it follows from detailed studies 

of the M(CeH.) 5 compounds. However, a more cautious 
interpretation is warranted for the shifts presented 
above for the mixed sandwich complexes. As pointed out 
before, the splitting of the ground state and assignment 
of the excited state levels are necessary to exactly 
deduce the appropriate value of the shift. Although 
not available in the present complexes, the apparent 
conclusion that the nephelauxetic effect increases in 
the order: "freesion'"i< M(C,He) 3 < (CoHe)M(CoHa) is at 
least in accord with chemical intuition and Might even 
be proven by detailed spectroscopic studies on these 
compounds. 

In addition to the band position, intensities are 
also of interest. Certain absorptions termed hyper- 
sensitive transitions exhibit considerably enhanced 
intensity as the ligand environment changes. Hypersen- 
sitivity has previously been interpreted both as an 
indication of the low point symmetry at the metal ion??? 
and as some measure of covalency in the metal-ligand 
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interaction. It is not possible here to assess the 


mechanism of hypersensitivity, but the bands termed 
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hypersensitive can be iden patted For neodymium it is 
the PE no level that contains the hypersensitive band, 
in‘ holmium itisethe 2c) level, and in erbium the “nahh, 
level. It is then interesting that these are the same 
levels that contain the most intense bands asSigned as 
£-ftiransitionssineTablei7 : 

The ytterbium complex deserves a few comments of 
its own. For Yb>t only one band is expected for the 
555 + “Bigs transition. The spectrum appears to be 
more complex in the f-f region than the aquo ion and in 
addition displays two broad absorptions at ~360 nm and 
~580 nm, the last band being responsible for the intensely 
blue color of the complex. The relatively high intensity 
and the broadness (width at half-height for the band at 
580 nm is on the order of 100 nm) of these absorption 
bands indicate that they do not originate from f-f 
transitions. It is interesting to note that the Yb(C.H.) 3 
complex was also unique among the tricyclopentadienide 
derivatives of the lanthanides in these regards. The 
colors and spectra of the tricyclopentadienide lanthanide 
complexes corresponds closely to the aquo ions in solution, 
with the exception of Yb(C.H_) 3. This intensely green 
compound displays a number of absorptions over the range 
870-1053 nm, many of which are suggested to be vibronic 


in character, and exhibit two additional broad bands in 


the violet, 379 nm (€& = 260), and «in -the red; 649 nm 
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(eé = 9). For the abe OEpeHioti in the red region Fischer 
has reported eS bands at 610 (ce = 36) and at 649 nm 

(ec = 46) for a benzene solution of the THF adduct. The 
Similarity between the spectra of the (C-H_e) Yb (CoHa) 

and Yb(C.H_) 5 complexes is clearly apparent. The origin 
of these broad absorptions is not totally clear. Calderazzo 
et aneos? suggested that they may be due to either 4f + 5d 
transitions or to charge transfer from ligand-to-metal. 

The fact that the bands are only observed in ytterbium 

which hasa readily available 2+ oxidation state would 

seem to be more in line with the charge transfer mechanism. 
Broad intense bands have also been identified by Streitweiser 
et ies in the M(CoH) 5 complexes. The metal dependence 

of the band maxima led Streitweiser to postulate that 

these bands were ligand-to-metal charge transfer in 
character. The ligand dependence of the band positions 

is also in accord with the above suggestion. As noted 

above, with the exception of ytterbium, the tricyclo- 
pentadienide derivatives do not display broad bands in 


the visible region. Replacement of the CoH, by the 


more easily oxidized (more reducing) C ~ ligand should 


gaye 
move the ligand-to-metal charge transfer band to longer 
wavelength, 19? The broad bands in the visible region 
for the MIC HAS | complexes reflect this expectation. 

A similar shift on going from YD(C.H,) , to (C.H,)- 


Yb (CoHe) should be observed if the band around 600 nm 
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is charge transfer in character. However, such a simple 

correlation may not be expected due to the apparently 

special circumstances which give rise to the bands in 

the visible region in YD(C,H-) 3. 
63a 


molecule, Jorgensen points out that the band at 649 


invthe study (of this 


nm is too low in energy considering the reducing power 
of the cyclopentadienide anion. Furthermore, should 
this band be a regular charge transfer transition, the 
corresponding absorption in Eu(C.He) 3 should be observed 
at longer wavelength since Eu>* is more oxidizing than 
Yb! . In fact the reverse is seen. Jorgensen feels 
that the unusually strong reducing character of the 
CoH. ligand in Yb(C.H.) 4 is due to the small ionic 
radius of yb>* which causes ligand-ligand repulsion. 
the effect of this repulsion is to raise the energy of 
the M.O.'s obtained fromthe combination of cyclopenta- 
dienide t-orbitals, in particular the one having nodes 
between each CoH, ring. Transfer of an electron from 
this high energy orbital to the metal is postulated to 
give rise to the band at 649 nm. It is also felt that 
the odd parity of this M.O. is responsible for the 
unusually low intensity of this band. Transition from 
the remaining ligand M.O.'s to the metal produces the 
high energy band at 380 nm. According to Jorgensen, 


ligand-ligand interaction in these M.O.'s is smaller and 


the band position is more representative for the reducing 
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character of a single cyclopentadienide ligand. Consistent 
with the argument is the observation that replacement 
of*the CH, © ligand by chloride ion removes the band at 

649 nm. Assuming Jorgensen's analysis to be correct the 
absence of broad bands below 649 nm in the spectrum of 
(C-H.) Yb (C,He) is not too surprising. Replacement of 


two C,H. rings by the C H,- anion should result in 


See, 8 
the elimination of the latter band as observed in (C,H.) > 
YbCl. and (C.H,) ,YbCl. The appearance of a band at 
~580 nm, some 200 nm displaced from the band position 
expected from a “regular" CoH. ligand, could in* fact 
be construed as displaying the characteristic red shift 
of a ligand-to-metal charge transfer band as the more 


reducing C Hee: ligand is added to the complex. Of 


8 
course the ditticuity with thas analysis) is that. it..is 
impossible to estimate with the present data at hand how 
much of the shift is due to the more reducing nature of 
earace and how much to ligand-ligand repulsions similar 
to the ones outlined for Yb(C,H,_) 3- In this regard a 
comparison between the Yb and Eu mixed sandwich complexes 
would appear to be useful. Since the importance of 
ligand-ligand interactions is apparently smaller in the 
Eu complex the shifting of this low energy band could 
conceivably give an indication of the relative reducing 


power of the C_H 37 tigand. It 128s also interesting to 


8 8 
note that, consistent with the removal of the special 
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nodal properties of the highest ligand M.O. present in 
Yb(C.H-) 3, the intensity of the low energy band in 
(CH,) Yb (CoH,) has increased significantly. This lends 
further support to the cyclooctatetraenide-to-metal 
charge transfer character of this band. 

Concurrent with the changes in the low energy 
absorptions, the violet region of the spectrum has also 
undergone noticeable transformations, the exact extent 
being difficult to assess. The three bands at 338, 375, 
and 410 nm are less intense in the mixed sandwich com- 
plex than the band at 379 nm (ce = 260) in Yb(C-H-) ,- 
However, these bands are actually sitting on the tail 
end of a more intense absorption that originates in the 
ultraviolet. It is possible that the charge transfer 


band observed in Yb(C.H ae aoe MLS in LACtoin, the 


5)3 
near ultraviolet in the (C-H.) Yb (C,He) compound. Should 
this be the case, a plausible explanation would be that 
the presence of the Cana anion has rendered the Cray 
ligand less reducing in the mixed sandwich complex than 
in the tricyclopentadienide derivative. 

It also appears that the spectral features of the 
ytterbium mixed sandwich complex are dependent on the 
nature of the donor. Donor dependence of the band posi- 
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tions has been noted by Fischer in Yb(C,H.) °L. He 


noticed that as the ligand is changed in the series 


and NH, the low energy band 


P(Ph),, THF, py, CNC;H,,, : 
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underwent a blue shift, the Band maxima being at 655, 
650, 640, 611, and 608 nm, respectively. The color of 
a THF solution of the mixed sandwich complex is blue. 
However, a solution prepared from the cyclohexylisocyanide 
adduct in toluene is intensely green. The spectrum of 
the toluene solution is similar to the THF spectrum in 
the 880 to 1100 nm region but the 580 nm band is now 
absent and there are slightly broadened bands at 745 
Welhiculder, = = 35) and /se0 mm (ce "= '55)'s" There is also 
a shoulder at higher energy, 430 nm (e€ = 140), which is 
flanked by a more intense band trailing into the ultra- 
violet. Unfortunately, the maxima of this last band 
could not be observed due to decomposition problems at 
the low concentration necessary to record the spectrum. 
The changes are obviously more complicated in this case 
than in the Yb(C.H_) 4-L complexes, but we have no explan- 
ation for the changes. 

It is clear that a more thorough investigation 
will have to be carried out before the intricacies of 
the electronic spectra for (C.H.) Yb (CoHg) and its adduct 
can be fully accounted for. The data presented here 
and in previous sections illustrate that the combination 
of the reducing Sis ligand and the availability of 
the 2+ oxidation state of the metal confer some unusual 


properties upon the mixed sandwich complexes of ytterbium. 
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Returning to the data) in“ Table. 17,..it cansbe.seen 
that some higher energy bands are observed in the Ho, 
Er, and Nd complexes. These bands are not assigned as 
f-f transitions as they are relatively broad absorptions, 
and they occur on the side of a strong charge transfer 
band which rises dramatically just beyond the highest 
energy bands noted in the table. Attempts to locate 


the An of the strong high energy band were not fruitful 


ax 
due to difficulties in handling the necessarily dilute 
solutions of these very air sensitive compounds and the 
problem of the solvent beginning to absorb in the high 
energy region. The spectrum of dipotassium cycloocta- 
tetraenide itself displays a very strong 1* + tT charge 
transfer band well in the ultraviolet with Mate) below 


250 nm.t?* 


Since the charge transfer band for the mixed 
sandwich complexes extends well into the visible region 
it is clear that it is not of the same origin as the 

T™* « T transition in the cyclooctatetetraenide dianion. 

As noted before, absorption in the visible region were 


1 


observed by Streitweiser et are for the M(CoH 


g) 2 
complexes and the bands were assigned as ligand-to-metal 
charge transfer. Inspection of the near ultraviolet 


and visible region of spectra available for the tri- 


cyclopentadienide lanthanide derivatives do not appear 


to display such absorptions. Based on these observations, 


we would like to suggest that the band tailing into the 
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visible region in the spectra of the mixed sandwich com- 
plexes is ligand-to-metal charge transfer in character. 
This would be in keeping with the expected effect on 
the band position with the change in reducing character 
of the ligands around the central mstdlsaniten tae 
It is thus apparent from the electronic spectra 
that the mixed sandwich complexes occupy a position 
intermediate between the neutral tricyclopentadienide 


complexes and the anionic bis(cyclooctatetetraenide) 


lanthanide derivatives. 


v) Reactivity of the Complexes 

Before proceeding with discussion of the reactivity 
of the ligands within the mixed sandwich complexes a 
general comment about the range of base adducts is in 
order. 

It is well known that lanthanide ions favor inter- 
action with oxygen donors and to a lesser extent with 


6,109 


nitrogen ligands. This seems to be borne out by the 


types of base adducts so far isolated for organolanthanides 


156,30; 33', 34 As mentioned 


here and in previous studies. 
already, the displacement of coordinated THF from the 
mixed sandwich complexes by isocyanide and the ability 
of the tricylcopentadienide derivatives to form stable 
adducts with phosphines and thioethers indicate a change 


toward softer Lewis acidic character of the lanthanide 


ion in these organometallic complexes. 
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In this study, not iall the nitrogen: ligands used 
permitted isolation of an adduct. Attempts to prepare the 
2,3-dichloropyridine adduct of the erbium mixed sandwich 
complex vita eq. (III-2) produced a color change from light 
pink to orange-yellow as the complex dissolved in toluene, 
but the adduct could not be isolated from the clear solu- 
tion. Reaction of triethylamine with the holmium complex 
likewise resulted in a clear yellow solution from which 
Only the parent mixed sandwich complex could be obtained. 
A similar problem was encountered with P(n-Bu) 3. The 
holmium complex again dissolved in toluene and the yellow 
color of the complex lightened but no adduct could be 
isolated. The inability to isolate adducts with these 
bases could reflect the inherently weaker Lewis acid 


strength of the (C.H,)M(CoH,) compounds compared to the 


M(C.Ho) 3 derivatives. It also could be related to the more 


insoluble nature of the base free compounds which could 
precipitate in preference to the adduct upon addition of 
hexane to the toluene solution. 

The compounds react very readily with oxygen and 
water. They oxidize violently upon exposure to air and 
often inflame spontaneously. The products of hydrolysis 
have been identified by mass spectrometry and NMR spectro- 
scopy as cyclooctatrienes and cyclopentadiene. 

In a less violent reaction, which demonstrates that 
the cyclooctatetetraenide moiety retains its reducing 


power, mercury (II)chloride was added to a tetrahydrofuran 
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solurcion of (C.H_) Ho (CoH,) at room temperature. This 
first led to a clear light yellow solution which after 
five minutes began to deposit mercury metal. Previously 
dilithium cyclooctatetrenide was reacted with chlorides 
of zinc, cadmium, and copper(I) producing the respective 
metal and cyclooctatetraene.!1° 
The lability and transferability of the carbocyclic 
rings in organolanthanide complexes containing the 
individual ligands have been noticed before. Thus, it 
was not surprising that the reaction between the yttrium 
mixed sandwich complex and Ucl, Occurred ‘readily at 0°C 
to produce uranocene. As the UCI, was added to the 
yellow solution of the yttrium complex a green-brown 
color was ilmediately obtained. Uranocene was character- 


ized by its visible spectrum and by its mass and “8 NMR 


Ns Similarly the reaction of 


spectrum after sublimation. 
the holmium complex with Fel, proceeded rapidly at room 
temperature. Removal of the solvent followed by sub- 
limation produced the expected orange ferrocene which 


li NMR and mass spectrum. 


was identified by its 
To gain a measure of the relative reactivity of the 

cyclic ligands in the complexes, the reaction of 

(CoH) ¥(CoHQ) with trimethylchlorosilane was carried 


out. As shown in Figure 10 the main reaction corresponds 


to the following: 
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CgH, (SiMe,), 7 CcH-YC1. 


The reaction was carried out in an NMR tube by incremental 
addition of trimethylchlorosilane. In Figure 10a the 
resonances for the complex before reaction are displayed 
and marked with X throughout the figure. After addition 
of approximately 29 mole %, according to the stoichiometry 
of Eq (III-4), of trimethylchlorosilane, the spectrum 
shown in Figure l0bis obtained. The new resonance at 


66.5 and 0.2 are assigned to (CoH.) ¥C1 and to the 


2! 
SiMe protons, respectively. As more Me3Sicl is added, 
Figure l10c, the resonances of the starting material 
decrease while those of (C.H,) YC1. and -SiMe, groups 
increase in intensity. Having added a 10% excess of the 
Silicon reagent, Figure 10d results. It is seen that 

all of the starting complex has been consumed and a new 


Signal at 60.4 for the unreacted Me,SiCl appears (note 


3 
in Figure 10d the spectral amplitude at which the high 
field part of the spectrum was recorded, is reduced to 
keep the signal on scale). Finally, as more Me,Sicl is 
added, Figure l0e, no apparent reaction occurs. However, 
when the solution is allowed to stand overnight, at 


room-temperature, thegspectrum in Figure! J0f resultre, 


which shows that the intensity of the CeHe resonance 
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Figure 10: 


ES’, 
Reaction of (C,H_) ¥ (CgHg) with incremental 
addition. o£ Me,Sicl followed by NMR. 


xX = Original CoHer CoH, resonances. 


* = Resonance assigned to (C-H.)YC1.. 
+ = Resonance due to -SiMe, groups in 
CoH, (SiMe,).- 


O = Excess Me,Sicl. 
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also begins to decrease. The data clearly show the 
cyclooctatetetraenide moiety reacting very much faster 
than the cyclopentadienide ring. That the organic 
product is the same as that obtained in the reaction 

of dipotassium cyclooctatetetraenide with trimethyl- 
chlorosilane is not immediately obvious. The product 
of the reaction was identified by Andrews and Rakitattt 
as 5,8-bis(trimethylsilyl)-1,3,6-cyclooctriene which 
exhibited resonances in cpcl, at 6-0.02 (singlet), 
Z0/-2.9 (multiplet), 523-5:.9. (multiplet) @in the ratio 
Rens 2.096 1... Tn bigure Loiwreh pyridine-d, as solvent, 
the singlet for the ~SiMe, groups appears at 0.2 ppm 
andthe low field multiplet (65.5-6.2)) ispat! slightly 
lower field than. reported in the literature. To 
eliminate the apparent solvent effect on the chemical 
shifts the reaction was repeated with the erbium mixed 
sandwich complex followed by isolation of the organic 
product. A portion of the spectrum obtained in CDCl, 


is shown in Figure 1l. The spectrum agrees well with 


the literature data. Additionally, a mass spectrum of 


the compound displays prominent peaks identical to those 


reported by Andrews and Rae Hence the products 


obtained from KoCoHe and’ (C.H.)M(CoH_) complexes are 


identical. 
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4. Conclusion 

The isolation of a number of base adducts establishes 
the Lewis acidic character of the lanthanide mixed sand- 
wich complexes. However, compared to the tricyclopenta- 
dienide derivatives the present complexes exhibit weaker 
Lewis acid behavior and this is attributed to the presence 
of the more reducing cyclooctatetetraenide moiety. 

The pentahapto and octahapto bonding of the carbocyclic 
ligands in the base adducts is retained as. suggested by 
infrared and nuclear magnetic resonance data. The 
molecular structure of the adducts is most probably 
comprised of two planar carbocyclic rings inclined to 
some degree with respect to one another and the base 
occupying a coordination position in the plane bisecting 
the metal-ring centroid vectors. 

The spectral results and chemical properties of 
the adducts indicate that, as was the case with (C.H,)- 
M(C,H), M(C,H,) , and M(CoHL) 5° complexes, the bonding 
in the base adducts is also highly ionic in character. 

On a more subtle level, it was argued, based on infra- 

red data, that the involvement of the more polarizable 
cyclooctatetetraenide ring with the metal is more 
important than that of the five-membered ring. The 
infrared and mass spectral data also seem to be consistent 
with the notion, already observed in the base free com- 


plexes, that the electrostatic component of the bonding 
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is slightly greater while the overall strength of the 
interaction is weaker between the lighter lanthanide 
ions and the carbocyclic rings than with the heavier 
and smaller members of the series. The presence of the 
more reducing cyclooctatetetraenide ring also manifests 
itself in the electronic spectra of the complexes. Al- 
though the f-f transitions are only mildly perturbed 
by the ligand field, the nephelauxetic effect appears 
to be greater in (C,H, )M(C Ho) *L complexes. than in 
analogous (C-H.) .M-L compounds. Absorptions in the 
visible region which could be assigned as ligand-to- 
metal charge transfer bands are not as prevalent as in 
M(CgH,) 5 compounds, of the complexes thus far investi- 
5) Yb(CoH,) -L displays such bands. 


Nevertheless, the observation of strong absorptions 


gated, only (CoH 


Originating in the ultraviolet and tailing into the 
visible region, whereas the tricyclopentadienide complexes 
have no absorptions in this area, shows the effect of 

the cyclooctatetetraenide ligand. The shift is also 

in accord with the suggested charge transfer character 

of these bands. 

The charge transfer character of some electronic 
absorptions and the presence of metal-ligand skeletal 
vibrations in the Raman spectra of the complexes denote 
some covalent interaction between the lanthanide metal 


and the ligands. This interaction, according to current 
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views, is more probably due to orbital mixing between 
metal-d and ligand 7 M.O.'s than the corresponding over- 
lap with the 4f orbitals of the lanthanides. 

However, it is also apparent that this contribution 
to the bonding has no real chemical significance. The 
reactivity of the complexes is typical of the ionic salts 
and of the lanthanide complexes of the individual ligands. 
The compounds are extremely air and moisture sensitive 
and react rapidly with electrophilic reagents. The 
latter type of reaction with Me,Sicl showed, not unexpect- 
edly, that the ope ring is more reactive than the 
C.He ligand in these complexes. There is also very 
facile ligand exchange reaction and the interaction with 
Fel, and UCL, produces the thermodynamically more stable 
ferrocene and uranocene, respectively. 

Although providing the missing link between the 
neutral M(C.H 


and ionic M(C, complexes, the 


5)3 Re? 
present compounds provide yet another manifestation of 
the contrasting behavior between actinide and lanthanide 
organometallic derivatives; significant metal-ligand 


covalent interaction in the former and highly electro- 


static bonding in the latter complexes. 
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CHAPTER FOUR 
SYNTHESIS OF Yb (CoHg) 3: RELEVANCE 
TO PROBLEMS IN THE PREPARATION OF (C.H.)M(CgHg) ° 
be? sintroduction 
Lanthanide complexes with the stoichiometry My (CoHe) 3 


have been isolated and characterized by DeKock et Bee 


and by Greco et aes The work by the latter group 
involved reduction of a cerium(IV)alkoxide by triethyl- 
aluminum in the presence of cyclooctatetraene producing 
Ce, (CoH) 3 as described in Chapter I. The structure of 
this cerium compound is unknown. The preparation by 
Dekock et al. employed the metal atom synthesis technique 
and the structure of the neodymium complex was solved 
byeX-rayvGifiraction«as 

The structure of the green neodymium complex isolated 
as the tetrahydrofuran adduct Nd, (CgH,) 3-2C,H,O, =a] 
described as consisting of an ion pair having a [Nd (CgHg) 5] 
anion and a [Nd (CgHg) (C,Hg0) 9)” cation. The cation is 
observed to augment its coordination number by asymmetric 
coordination of three carbons from one of the CoH, rings 
in the anion. This type of expansion of coordination 
is similar to that previously described for neodymium 
tris (methylcyclopentadienide) ./°® Also, the average C-C 


bond lengths within the CgH, rings are all equal within 


experimental error. 
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Our interest in complexes of this type arose from 
difficulties experienced in the synthesis of the mixed 
sandwich complexes. As briefly indicated in Chapters 
If and III the yields of these complexes were never Very 
good, the lighter lanthanides consistently giving the 
lowest obtainable amounts. Also with the lighter lan- 
thanides a by-product in the reactions was identified, 
by mass spectrometry, as the tricyclopentadienide complex. 
This, at the time, was believed to be the sole by-product 
of the synthesis. Although, in some of the reactions 
the potassium or sodium chloride collected by filtration 
of the crude reaction mixture, was colored, air sensitive, 
and was obtained in amounts larger than expected from the 
quantities of starting materials utlilized. We thought 
the reason for this was coprecipitation of some of the 
desired mixed sandwich complex with the alkali halide. 
However on a large scale preparation of (C.H,)Yb(C,He), 
after removal of potassium chloride, there was obtained 
a small amount of material, less soluble than the mixed 
sandwich complex and clearly different from this last 
compound and also from Yb(C-H-) 3- This observation was 
contemporary to the original communication of DeKock on 


14,113 


My (CoH,) 3 complexes. The similar infrared spectrum 


of the by-product to DeKock's compounds led us to postulate 


that it was Yb. (CoHe) 5- This complex of ytterbium was 


not isolated via the metal evaporation route, which gave 
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cyclooctatetraenideytterbium(II) instead. This is not 

an unexpected result based on the well known ability of 

ytterbium to exhibit the 2+ oxidation state. In order 

to secure more firmly the nature of the by-product obtained 

in the (C-H_) Yb (CoHg) synthesis, it became desirable to 

prepare the dinuclear compound by a more rational synthesis. 
Having obtained evidence for another compound beside 

M(C,H-) 3 in the synthesis of mixed sandwich complexes, 

it of course became possible that the "extra alkali metal 

halides" in previous preparations were also My (CoH) 5 

type compounds. The general occurence of this type of 


compound and the relevance of M(C,H and M, (CoH 


5)3 g)3 
by-products to the problems associated with the synthesis 
of the mixed sandwich complexes will also be discussed 


Zritnits chapter. 


2. Preparation 
The synthesis of Yb, (CgHe) 5 could easily be accomplished 


by simply mixing the stoichiometrically required reagents, 


Eq (IV-1). 
THF 
2YbC1, + 3K,COT —————» Yb.(C,H,), + 6KCl (IV-1) 
z) 2 60°C 2448 Sas 


Reaction readily occured at -60°C immediately producing 
a deep blue solution upon addition of the dianion. The 
contents of the flask were maintained at -60°C for four 


hours and then allowed to warm slowly to room temperature. 
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No color change occurred during this time. The solution 
was then filtered to remove precipitated KCl which also 
contains some of the desired product and then cooling 

the filtrate to -20°C readily produces deep blue YD (CgHe) 3- 
The compound is characterized by its identity to the by- 
product YD. (CgHe) 5 for which there is complete elemental 
analysis and by the similarity of its infrared spectrum 


to those reported by DeKock et Be 


Also, qualitative 
tests for chloride and potassium ions were negative. 
Attempts to prepare crystals sutiable for X-ray investi- 


gation are still in progress. 


3. Results and Discussion 

The direct reaction of cyclooctatetraene dianion 
with anhydrous ytterbium(III) chloride provides a con- 
venient route to the synthesis of the very air sensitive 
YD, (CgHe) 3- The deep blue complex is not sufficiently 
volatile to obtain a mass spectrum, but attemtps at 
running the mass spectrum indicate that tetrahydrofuran 
is absent in the complex as does the analytical and 
infrared data. This is in contrast to the analogous 
compounds preprared by DeKock which crystallize from THF 
with two coordinated solvent molecules. It will be 
instructive to compare the properties of this complex 
with those of Yb(CoHe) as the divalent, diamagnetic 


compound was the product obtained vta the metal atom 


synthesis technique and might also have been the expected 
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by-product in the (C-H,) Yb(C,H,) synthesis. 


29 


Employing the method of Hayes and Thomas Yb (CoH 


9) 
waS prepared by reaction of ytterbium metal with cyclo- 
octatetraene in liquid ammonia. This produced, after 
removal of coordinated ammonia, a red complex which was 
extremely air sensitive and difficult to handle. Its 
solubility in tetrahydrofuran is even lower than that 

of Yby (CoH) 3- The synthesis however is not without 
a@ztficuity. Attempts to obtain the a NMR- spectrum of 

the complex were frustrated by the presence of paramagnetic 
impurities. However, after taking the compound up! in 
pyridine and forcing a small amount out of solution by 

the addition of hexane, it was possible to obtain a 

maroon product, most likely the pyridine adduct, which 
upon heating in vacuo at 110°C resulted in the red complex 
noted above. This compound gave satisfactory elemental 
analysis for Yb (CpH,). The NMR spectrum of this apparently 
pure Yb (CoH9) however still showed the presence of some 
paramagnetic component, possibly (CoH, ) YDNH, - Neverthe- 
less its infrared spectrum was identical with the litera- 
ture values. The infrared spectra of the red Yb (CoHe) 


and the blue Yb, (Cy are compared ain Figure 


O33 
iz. Table.18) lists these band posit#ions and those of 

some related compounds. The infrared data clearly show 

a difference, as do the colors in the solid state, between 


the Yb (CgHe) and Yb. (CoH complexes. Furthermore a 
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a) Yb (G-halpeand of b)vb (Cc Hu!) | 
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sample of Yb (C,He) prepared by the metal atom synthesis 
technique, was kindly supplied by Professor DeKock. The 
color of this sample was also the same red as our compound, 
its ly NMR spectrum in pyridine-d, exhibited a sharp 
Singlet at 66.59 ppm in the expected region for a dia- 
magnetic cyclooctatetraenide derivative. On the other 
hand attempts to record the NMR spectrum of the blue 
Yb (CoHe) 3 complex were met with failure, something we 
have consistently experienced with many of the paramagnetic 
organolanthanide derivatives. Also the color of a pyridine 
SOLlucion of ‘the Yb (CoH) complex is dark green-black whereas 
that of Yb, (CoHg) 3 is deep royal blue. 

Having shown that Yb, (CoHe) 3 can be prepared it was 
an easy task to show that its properties were identical 
to the material obtained as the by-product in the prepara- 
tion of the mixed sandwich compound. We next turned to 
the identification of complexes of the composition 
My (CoHe) 3 in the synthesis of mixed sandwich complexes 
for metals other than ytterbium. 

Initially the lutetium reaction to produce the 
mixed sandwich complex was examined in more detail. The 
reaction was carried out in the usual .manner. After 
removal of precipitated potassium chloride (which might 
also contain some Luy (CgH9) 3) followed by addition of 
hexane, a small amount of yellow solid was obtained 


readily. Washing with cold tetrahydrofuran produced a 
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compound for which the elemental analysis indicated 
the stoichiometry Lu, (CoH) 3. The infrared spectrum, 
Table 20, was very similar to that for the related 
ytterbium complex.’ The a NMR spectrum in pyridine-d, 
however exhibited only a singlet at 66.40 ppm, whereas 


even for a symmetrical triple-decker-sandwich complex 


one would expect two singlets in a two-to-one ratio. 


sharp singlet at room temperature was also observed for 


vd 


the Lan neon tayo Ai complex for which Skell. et ees have 


suggested a symmetrical structure and assumed accidental 


chemical shift equivalence of the two different ring 


systems for the observed singlet. In an attempt to 
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resolve the ambiguity in the lutetium complex, the spectrum 


was recorded at -40°C. The sharp singlet persisted 
but its chemical shift now appeared at “6 53eippm. In 


addition a molecular weight determination in pyridine 


gave a value of 308 as opposed to 662, the expected value 


for the dinuclear unit. The temperature dependent 


chemical shift and the low value of the molecular weight 


both suggest a rapid equilibrium of the type 
shown in eq. (IV-2) in donor solvents. 


L 
~ + 
Lu, (CpHe) 3 ~—— [Lu (C.H,) 5] fe [Lu (C,H,) nL] 


This is not unreasonable in light of the crystal structure 
of the neodymium complex which indicates an ion pair in 


the solid state. Unfortunately the low solubility of the 


(IV-2) 
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complex has prevented an NMR study in non-donor solvents. 
Returning to the early lanthanides, the preparation 
of the mixed sandwich complexes for lanthanum and samarium 
were re-examined for the presence of the respective 
My (CgH,) 5 complexes. As noted in Chapters II and III it 
was very difficult to purify the mixed sandwich complexes 
for these elements. Again looking at the infrared 
spectrum of the complex that can be very readily forced 
out of the tetrahydrofuran reaction mixture, the character- 
istic features of Figure 12a are seen. These complexes 
were dried at room temperature in vacuo Overnight so as 
to remove coordinated tetrahydrofuran. Note that with 
these early lanthanide complexes coordination of THF is 
also a feature of complex formation. This observation 
parallels DeKock's on Mo (CoH) 3 (THF) 5 complexes, 
which with the exception of erbium, are also early lan- 
thanide derivatives. The infrared data, Table rei~ Lox 
the lanthanum complex differs slightly from that reported 


by DeKock et aie 


for the THF adduct, but it does closely 
agree with the spectrum of the analogous neodymium 
complex with the solvent removed. The lanthanum complex 
again gives a singlet in its NMR spectrum which occurs 

at 66.65 ppm in pyridine-d,. For comparison the spectrum 
of K[La(CoH,) 5] gives a singlet at 65.90 ppm in tetra- 


hydrofuran. Both samarium and lanthanum complexes also 


give negative qualitative tests for chloride and potassium 
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ions. These data and their comparison to the spectral 
properties of the ytterbium and lutetium dinuclear com- 
plexes suggests a similar formulation, My (CgHe) 3, LOn 
the samarium and lanthanum compounds. Although the 
Syntheses of other mixed sandwich complexes were not 
re-investigated, the fact that My (CgHe) 5 was observed as 
a by-product with both early and late lanthanide metals 
lends support to the postulate that it was produced in 
the remaining preparations as well. The fact that the 
Samarium and lanthanum complexes appeared to contain 
coordinated THF (as judged from mass spectral attempts) 
whereas the ytterbium and lutetium compounds were THF 
free, might suggest a greater solubility of the early 
lanthanide complexes in THF. This would lead to 

greater difficulties in separating the My (CgHe) 5 complex 
from the desired mixed sandwich species. This could 
partly explain the observation that the yields for the 
early lanthanide (C.H_)M(CgH,) complexes were consistently 
lower than for the later lanthanide elements. 

There is as yet no concrete evidence as to exactly 
how these dinuclear species are formed during prepara- 
tion of the mixed sandwich complexes. However, for the 
early lanthanides it was noted that the tricyclopenta- 
dienide species were also produced and had to be separated 


from the mixed sandwich complexes by Lepedtea crystallization. 
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The presence of both M(C,H.)., and My (CoH) , in these 
preparations would suggest disproportionation of the 
mixed sandwich complex as a possibility for the forma- 


tion of the. by-products, eq.. (Iv-3). 
3(CSHe)M(CgH,) ——>M(C,H,) , + Mo (CoH) 3 (IV-3) 


Equilibrium of this type is common to lanthanide complexes 


and has in fact been used advantageously in the synthesis 


jipt 


of organolanthanide complexes, eq. (IV-4), ea See 


and EeCiyeG) 


THF 
K[Ce(C,H,) 5] CeCl, ——————— [ (CgHg)CeC1 (THF) 4], 
(IV-4) 
ie]. 
THF 
2M(C,H_) 3 nF MCl, ——> 13(C.H.) .MC1 (IV-5) 
M. = om, eGdy Dye. Hom EY. Yb 
THF 
Er (CcH,) , + 2ErCl. ——> 1 3(C.H,)ErCl.-3THF (IV-6) 


Although a plausible reaction, the disproportionation 
is apparently not a feature of the chemistry of the heavier 
lanthanide (C5H.)M(CoH,) complexes. Indeed, no Yb(C.He) 4 
could be detected by mass spectrometry in the preparation 
of the mixed sandwich complex, neither in the initially 
formed Yb, (CoHe) 3 nor in’ the filtrate. In this particular 
case, and with other heavy lanthanides the formation of 
the dinuclear complex could involve displacement of the 
CoH. moiety by the more basic Cate ligand system and 


thereby represent a competition between the preparation 
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of the mixed sandwich complex and the respective M.(C.H 


2 Gea) a) 
If this were the case, the control of stoichiometry 
becomes even more important in these reactions. We also 
note that the possibility of disproportionation reaction 
effecting the early lanthanide mixed sandwich derivatives 


would be another factor contributing to the reduced yields 


observed with these metals. 


4. Conclusion 

It has been shown that YD (CeHe) 3 canane synthesized 
by conventional metathetical reaction between anhydrous 
YbCl, and the dianion of cyclooctatetraene as opposed to 
the metal atom vaporization technique. Furthermore 
complexes of similar stoichiometry have been suggested 


as one of the by-products in the preparation of the mixed 


sandwich complexes of the lanthanides and yttrium. Another 


by-product, M(C,H,) 3, has been observed only in the 
synthesis of the early lanthanide derivatives. The ident- 
ification of these by-products shed some light on the 
difficulties encountered in the preparation of the mixed 
Sandwich complexes. The differences seen in by-product 
formation show again that the chemical behavior of these 
early lanthanides is somewhat different from that of the 


heavier members of the series. 
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CHAPTER FIVE 
SYNTHESIS AND PROPERTIES OF LANTHANIDE 
POLY (PYRAZOL~1-YL) BORATE COMPLEXES 
bse introduction 
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In 1966 Trofimenko introduced the poly (pyrazol-1l- 


yl)borate ligand system, [R,,Bpz (Rys=4H,.alkyl} aryl; 


geal, 
n= 0, 1, 2; pz = 1l-pyrazolyl moiety), to transition 

metal chemistry. It was hoped that this new ligand system 
would provide an extensive series of transition metal 
derivatives and, by virtue of its unique coordinating 
capabilities, eventually "...lead to a new subarea of 


Lo 


coordination and organometallic chemistry. This 


promise has been fulfilled to a large extent and progress 

in the field is summarized in two recent reviews.216,117 
The initial work with the poly (pyrazol-l-yl) borate 

anions centered on the preparation and structural char- 

acterization of complexes mainly with the later transition 

peeee The bis (pyrazol-l-yvl)borate ions, (I), 

are uninegative four-electron donors formally analogous 

to B-diketonate ions and, not surprisingly, form neutral, 

monomeric bis chelate complexes, M[R,Bpz,],5, with most 


Ie Likewise, 


divalent first-row transition metal ions. 
the tris- and tetrakis (pyrazol-l-yl)borate ions, (II), 
readily produce bis chelate complexes with divalent 


transition metal ions. Although capable of functioning 
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as a bidentate chelate, 1177120 


these ligands can and 
most often do exhibit a tridentate chelating bonding 
mode. In this configuration the ligands can be likened 


to the cyclopentadienide anion in the sense that both 


systems are uninegative, six-electron donors and occupy 
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three coordination sites on the metal. Of course the 
analogy is not a rigorous one since the cyclopentadienide 
anion forms mt- rather than o-bonded derivatives. Never- 
theless, in an effort to compare the derivative chemistry 
of the two ligand systems a large number of transition 
meta] complexes containing especially the tris (pyrazol- 


l-yl)borate moiety, (HBpZ3), instead of the cyclopenta- 


dienide anion have been synthesized: for example 
[(HBpz,)M(CO),]” and (HBpz,)M(NO),Cl (M = cr, Mo, w)+?4 
or (Bpz,)Mn (CO) ,_ LL, (L = P(OR) 3, He el 2 i = PR3, 


che hene2 


In general, it appears that derivatives based 
on II are more stable than the analogous CoH. containing 


species. An extreme example is (HBpz ,)Cu(co)*?9 WOPCH an 
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the solid state decarbonylates only upon melting at 
165°C whereas the corresponding (CH, ) Cu (CO) ts ehighiy 
unstable except under an atmosphere of carbon monoxide 
and even then it decomposes within an hour at room 
temperature. 

More recently the syntheses have been extended to 


include the early transition metals and the actinide 


metals as well. Thus, Manzer!24 has reported the prepara- 


tion of complexes like (C,H) (HBpz3)TiCl5, (C,H Ti (HBpz.) 


5)2 


and (C,H) V (HBpz The last complex is one member of 


3): 


a small class of mixed sandwich complexes as is the 


compound [(C,Me,) Rh (HBpz,)]", synthesized by Lalor et 


125 126, 1:27 


al. Bagnall et al have utilized the poly- 


(pyrazol-l-yl)borate ligand system to form uranium 
y 


derivatives; U(HBpZy_,)4 (NGe. I Or 2h, (C.H,) (HBpz,)UC1., 
3) 2UC1.- It is interesting to note that the 


CoH, analogue of the last two complexes, (C,H) ,UC1,, 


cannot be prepared in pure form and attempted preparations 


and (HBpz 


of the bis(cyclopentadienyl) compound have resulted in 
ere suis tucial.< instead. This, once again, demonstrates 
the special stabilizing influence of the poly (pyrazol-1- 
yl)borate moiety. 

From the preceeding paragraphs it can be seen that 
the chemistry of the ligand system introduced by Trofimenko 
is indeed wide in scope. Two areas however were conspicuous 


by their absence at the start of our research in this field, 
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poly (pyrazol-1l-yl) borate complexes of the lanthanide metals 
have not yet been synthesized nor were there examples 

of compounds with three poly (pyrazol-l-yl) borate ligands. 
Thus it was of interest to extend the poly (pyrazol-l-yl)- 
borate chemistry to include the lanthanide metals. It 
was also anticipated that, because of the propensity of 
the lanthanide ions for high coordination number and 
their larger size, tris complexes could be produced. 

This expectation received support from the synthesis of 
U(HBpz) , by Bagnall. In addition, since the analogy 
between C,H. and HBpz._ 


hal 3 is well established, it was 


hoped that an extensive organolanthanide chemistry based 


3 
describes the successful synthesis of lanthanide poly- 
128 


on the HBpz ligand could be obtained. This chapter 


(pyrazol-l-yl) borate complexes. It also deals with 
organometallic derivatives for which the cyclopentadienide 


counterparts. exist. 


2. Hydrotris (pyrazol-1l-yl) borato lanthanide (IIT) Complexes, 


M(HBpz..) 3. 


The interaction of KHBpz , and the hydrated lanthanide 
chlorides in water according to equation (vV-1) precipitates 


HO 


MC1. -nH —4->M(HBpz,) ,4 + 3KCl (yen) 


3) 2 3 
M = Ga, PY, oINaA fl PE 


O +  SKAHBpDZ 


the anhydrous M(HBpz,) 3 complexes in nearly quantitative 
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yieldsso,;The precipitated complex is ;isolated by-filtra- 
tion, washed with water and air dried. In this manner 
the La, Pr, and Sm complexes have been obtained directly 
with no apparent need for further purification as shown 
by satisfactory elemental analyses of the compounds. 

The Y and Er complexes had to be recrystallized from 
toluene/hexane solvent mixture to obtain analytically 
pure samples. In addition the corresponding Ce and Gd 
complexes were prepared and purified by prolonged 


29 


Soxhlet extraction with CH..Cl whereas the Yb and Lu 


> aaa YS 

derivatives were purified by crystallization from eHjehsa 

The M(HBpz,) , complexes of the lanthanides are air 
stable in the solid state with elemental analyses remain- 
ing invariant over extended periods of time. In addition, 
they are thermaily stable in air to 275°C without melting. 
The solubility of the complexes is very much dependent 
on the lanthanide ion. The heavy lanthanide derivatives 
are moderately soluble in THF and acetone, somewhat less 
in CH,Cl. and have low solubility in toluene and benzene. 
The early lanthanide complexes are only sparingly soluble 
in any of the solvents listed above. However, the com- 
plexes can be dissolved only in dry solvents and the 
solutions must be handled under an inert atmosphere to 
avoid hydrolysis. The hydrolytically unstable nature 


of these complexes in solution was shown by the formation 


of pyrazole when solutions of the compounds were allowed 
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to evaporate in air. Thus the anhydrous nature of the 
M(HBpz.) 5 complexes from an aqueous reaction mixture is 
remarkable indeed. This would also Suggest that these 
complexes will not behave as Lewis acids, differing in 
this regard from the corresponding tricyclopentadienide 
lanthanide complexes. To further confirm this lack of 
Lewis acidic character for the M(HBpz,) , complexes, the 
reaction between anhydrous Prcl, and three equivalents 
of KHBpz , was carried out in dry THF under. nitrogen. 
Again the unsolvated Pr (HBpz,) 5 complex was obtained. 
The M(HBpz,) , compounds are all sufficiently volatile 

to obtain mass spectra, but they cannot be sublimed up 


EOvez0°C at Lon. mmHg. 


Mass spectra 

The mass spectra of all the M(HBpz,) , complexes 
clearly exhibit the parent ion, although in low abundance. 
In every case the most intense ion corresponds to the 
loss of one HBpz 3 ligand. The mass specta of the molecules 
are very rich but nevertheless the fragmentation process 
is relatively simple, dominated by losses of pyrazole 
moieties instead of internal fragmentation of the latter 
group. The relative intensities of the parent and a few 
other characteristic metal containing fragments are listed 
in Mable 19% The formulation *of thesions appearing in 
the table is suggested by the nature of the species lost 


to produce the given ion, and the fragmentation processes 
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are in turn supported in Bee eicdsde by the observation of 
the corresponding metastable peaks. The metastable peaks 
SO observed are listed in Table 20. 

It is tempting to consider the data in the Tables 
and to separate the M(HBpz,) , complexes into groups as 
a funtion of intensities of fragment ions and breakdown 
patterns suggested by metastable peaks. This was pre- 
viously done for the mixed sandwich complexes. However, 
the present data does not appear to be amenable to 
Simple clear cut divisions. For instance, the complexes 
with La and Pr might be expected to be quite similar 
and to typify complexes with the early lanthanides. 
Although the intensities of the fragment ions seem to 
bear out this expectation, the La complex curiously 
exhibits only two metastable peaks jinv’contrast (to the 
seven metastable peaks observed for the Pr derivative. 
This might suggest some difference in the decomposition 
of the La complex in the mass spectrometer. Also the 
mass spectra of the Sm and Yb complexes might be expected 
to resemble one another due to the available 2+ oxida- 
tion states, since this was seen before to be responsible 
for the particular intensities of the fragment ions 
observed in the spectra of the mixed sandwich complexes. 
Inspection of the tables does not reveal this Similarity 
for the hydrotris (pyrazol-1l-yl)borate complexes for these 


two metals. Finally, the Y, Er, and Lu complexes should 
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typify the spectra for complexes with the later lanthanides. 

Even though Y and Er appear quite similar, the Lu complex 

exhibits a distinctly different intensity pattern, which 

in fact, is quite similar to that of the Yb analogue. 
Though small differences do exist in the comparison 

of the mass spectra data for the compounds at hand, what 

is in fact more Striking is the rather similar nature 


of the spectra for all the complexes so far considered. 


Infrared and Raman spectra 

The infrared spectra of the M(HBpz.,) 3 compounds, 
with the possible exception of the B-H stretching region 
of the Er, Y, Yb,.and Gu derivatives are similar to those 
observed for other metal poly (pyrazol-1l-yl)borate com- 
plexes. The spectra are rather complex in the 600-1600 
cm ~ region and exhibit characteristic absorption(s) at 
ca. 2450 cm + assignable to the B-H stretching vibra- 
tions(s).218 Examples of the spectra for an early and 
late lanthanide complex along with that of the potassium 
salt of the ligand are given in Figure 13 for the two 
regions just mentioned. 

Inspection of Figure 13 shows that there are some 
differences in the spectra of the praseodymium and 
erbium complexes. The most Strking difference is in 
the B-H stretching region. The Pr complex displays a 


very sharp absorption of medium to strong intensity at 
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a) KHB(C,H,N,), 


| | \" 
b) Pr[ HB(C,H3N,)3 | 3 | : 
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Figuret13% t&infraredtspectra of M(HBpz3) , complexes (M = Pr, 


Er) and KHBpz Recorded as mineral oil, Gag Ee 


5° 
mulls. Note the band at ca. 1380 cmt primarily 


contains absorption due to the complex. 


ie 
my 


HY 


- - 
a 


¥ Pe ee 
Rory) & 
Paani 
7 Ne | 
‘a, 1s 


, 
i 


150. 


2447 emt and a weak band at 2412 cmt, whereas for the 
Er complex this region is comprised of four weak bands 
from 2498 to 2422 cm. It is interesting to note that 
mention of multiple B-H stretching absorptions have not 
been made in previous reports on poly (pyrazol-1l-yl)- 
borate complexes. Additional variations occur in the 
7203.40 °720 cm region, in that the Pr complex exhibits 
three sharp, distinct bands whereas the erbium deriva- 
tive shows two strong bands in this region. Less obvious 
differences occur at ca. 1220 cm™? where an intensity 
variation exists and at ca. 625 cm + where the band is 
split into two components for praseodymium and remains 
Sharp for the erbium complex. Although only very weak 
bands occur at 960 to 880 cm the different pattern of 
absorption in this region also appears to be indicative 
of the particular metal. These differences are pointed 
out here because the compounds so far examined by infra- 
red spectroscopy can be placed into two groups based 

on these spectral variations. The La, Pr, and Sm deriva- 
tives comprise one group, their spectra being nearly 
superimposable. Similarly, the Er, Y, Yb and Lu compounds 
form a second group. A more complete comparison of these 
groups can be obtained by examining the bands listed in 
Table 21 for the M[HBpz,] , complexes. 


It is tempting to ascribe the variations in the 


infrared spectra, especially the strikingly different 
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B-H stretching region, to the occurrence of a change 
in solid state structure of these tris complexes as one 
proceeds from the early to the late lanthanide metals. 
the structure of-the Yb (HBpz,) , complex has been deter- 
mined by a single crystal X-ray diffraction analysis.??9 
The structure is shown in Figure 14. The Yb is surrounded, 
in a bicapped trigonal prismatic array, by eight pyrazole 
nitrogens from two tridentate and one bidentate HBpz , 
ligand. The low symmetry, at most Co, of the complex 
is consistent with the complicated B-H stretching region 
seen in the infrared spectrum. Extending this argument, 
the simpler B-H stretching pattern of the early lanthanide 
complexes should reflect a more symmetrical solid state 
structure. Unfortulately, the very low solubility of 
the early lanthanide metal derivatives has so far thwarted 
attempts to obtain crystals suitable for an X-ray study 
which would make it possible to verify the implied 
structural differences between these two groups of com- 
plexes. However, the different solubility behavior for 
the two groups of complexes is further evidence for the 
suggested difference in structure. 

The Raman spectra of the complexes also exhibits 
differences between the early and late lanthanide 
derivatives and further corroborate the conclusions 


reached above based on infrared spectral data. The 


spectra of the Pr and Br icomplexesgare Shown in: Figure 
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Structurevor£ Yb (HBpz 3) 3- 


15a and 15b respectively. For the early lanthanide com- 
plexes a very weak, broad v(B-H) appears at ca. 2445 

cm + while for complexes with the heavier lanthanides a 
weak multiple v(B-H) absorption occurs between 2425- 
2485 cm +. The three bands in the 1210 to 1400 cm} 
region exhibit similar intensity patterns depending on 
whether the complex contains an early or late lanthanide 


z 


metal. Two bands appear at 1100 and 1125 cm ~ in the 


early lanthanide complexes whereas a more complex band 
with a sharp peak at ca. 1110 cm? is seen with the 
later lanthanides. Also, a minor variation is apparent 
in the weak and very weak bands in the 670-790 cm 
region. This is more easily seen by reference to Table 
22 which lists the bands so far mentioned and other 
prominent bands in the Raman spectra of the M(HBpz3) , 
complexes. Finally the Raman spectrum in the 125 to 400 
cm region, for the Pr complex (Figure 16a) and for the 
Lu complex (Figure 16b) also appear qualitatively 
different. This again would not be unexpected should 


the M(HBpz,) 3 complexes belong to different structural 


classes depending on the central metal involved. 


NMR spectra 


1 


The ~H NMR spectrum of the starting potassium salt, 


KHBpz exhibits a simple spectrum comprised of two 


37 
doublets and a triplet in the intensity ratio 1:1l1:l. In 
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a) M’ = “Pr, 1b) Mo= Er. 
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Figure 16. Low frequency Raman spectrum of M(HBpz 


a) M = Pr, b) M = Lu. 


3) 3° 


Ree iA 


ESD 3 


D0 these resonances occur at 67.74(d), 7.46(d), and 
6.39(t) assigned to the protons in the 5, 3, and 4 


positions (for notation see diagram I, p. 140) of the 


three identical pyrazolyl residues, respectively.118 


The 1 recorded in CD.Cl 


3)3 2ol> 


exhibits several poorly resolved resonances which fall 


H NMR spectrum of Y(HBpz 


in two regions at §5.1-6.0 ppm and 67.15-8.0 ppm. Upon 
cooling to -50°C there are some minor changes in the 
resonance positions and some improvement in resolution 
such that doublet structure of some of the peaks in the 
low field region is now evident. Nevertheless, the 
complexity of the spectrum has not permitted a proper 
assignment. It was argued, based on the infrared spectrum 
offi the yttrium compourid, “that, its structure: probably 
resembles that of the ytterbium derivative shown in 
Figure 14. The low symmetry of the structure demonstrates 
that a complex ly NMR spectrum for these complexes is 

not unexpected. 


The low solubility of the M(HBpz compounds with 


3)3 
the early lanthanides has prohibited the recording of 


their a NMR spectra. 


3. Hydrotris (pyrazol-1l-yl)borato (chloro) lanthanide (IIT) 
complexes, (HBpz,) .MC1,_.°xTHF, bes Laeande2: 
The interaction of the anhydrous lanthanide chloride 


with stoichiometric amounts of KHBpZ 3, eq. (V-2) 4)" in. dry 
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MC1, + nKHBpz , ————> (HBpz,) MCl,__-xTHF OR) (Ve 2) 


Mie Er, Yeon = 23° x °S"2 


M = Er, nee 1x wes 


THF under an atmosphere of prepurified nitrogen yields 

the mixed hydrotris (pyrazol-l-yl) borato (chloro) lanthanide- 
(III) complexes upon crystallization from THF/hexane 
mixtures at -20°C. Using the same procedure the cor- 
responding Yb and Lu complexes were also synthesized. 1? 
The formulation of the complexes is supported by elemental 
analysis. 

Complications arose when the synthesis was extended 
to the early lanthanides. With Pr and Ce the pure com- 
pounds could not be isolated, mixtures of materials seemed 
to form. This is reminiscent of the behavior of the 
early lanthanide metals with the CoH in 


5 
yi eat : 
attempt to prepare monocyclopentadienide 


ligand in 
Dubeck's 
and dicyclopentadienide complexes. 

The solid mixed hydrotris (pyrazol-1l-yl) borato (chloro) 
complexes readily hydrolyze in air in contrast to the 


M (HBpz complexes. Also, as indicated in eq. (V-2), 


3)3 
the complexes are obtained with coordinated THF as 


opposed to the M(HBpZ3) 3 compounds. The coordinated THF 


is evident in the ly NMR, infrared, and mass spectra of 


these compounds. 
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Mass Spectra 


The mass spectra of the (HBpz MC1-THF complexes 


3)2 
exhibit a weak parent ion with the (HBpz4) .M” fragment 
being the most abundant metal containing ion. In 
general, metastable peaks are not seen in these spectra. 
This is in contrast to the M(HBpz,) , complexes where the 
fragmentation processes could usually be verified by 

the appropriate metastable ions. Characteristic metal 
containing fragments are listed in Table 23. In both 
complexes very strong ions occur at m/e 72 and 71 which 
correspond to THF in the compounds. The spectra of the 
two complexes are quite similar to one another with the 


exception of the intensity of the (pz) .M™ fragment. 


There is no ready explanation for this difference. 


The mass spectrum of the (HBpz,)ErCl,-1.5THF complex 


is not particularly informative. Instead of exhibiting 
the parent ion, (HBpz ,) ,Ercl” is observed followed by 


the normal fragment ions found in the (HBpz ErCl-THF 


3)2 
spectrum. A Similar observation was made for the Lu 


att It is interesting to note that attempts 


derivative. 
to obtain the mass spectrum of (C,H, ) HoC1. - 3THF also do 
not yield the expected parent ion but rather give the 


+ , 
[(C.H.) »HoC1], TON. 


Infrared spectra 


The infrared spectra of the (HBpz,) MCl n’ XTHF 


3- 


complexes are also quite complex in the 600-1600 cmt 
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Table 23. Relative intensities of characteristic metal 


containing ions in the mass spectra of 


(HBpz,) .MC1*THF complexes. 
a ae ie ae wea ties i fo A 
Ton Er (165°C) ¥ (185°C) 
nt aa aca hn tar lia i a eal ROA eal net 
(HBpz ,) .MC1™ 4 4 
(HBpz) .M” 100 100 
(HBpz ,) (Bpz)MC1* g 9 
(HBpz ,)M(pz)~ 33 : 41 
(Bpz,)MC1™ 14 20 
(Bpz,)M" 5 ' ¥) 
(pz) M” 19 37 
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region and bear some resemblance to the corresponding 
M(HBpz,), derivatives. However, some notable differences 
are apparent. Characteristic bands for these complexes 
are listed in Table 24. 

Inspection of the Table and comparison to the data 
in Table 21 for the respective M(HBpz,) 3 complexes shows 
a considerable difference in the B-H stretching region. 
The (HBpz,) MCl,_. derivatives have a relatively sharp, 
strong to medium intensity v (B-H) absorption in contrast 
to the weak multiple B-H stretching absorptions in the 
respective tris complexes. The sharpness of this absorp- 
tion in the (HBpz.) .MC1- THF complexes probably indicates 
a relatively symmetrical arrangement of the poly (pyrazol- 
l-yl) borate moieties in the solid state. A similar 
proposal was made in comparing the B-H stretching region 
of the M(HBpz 3) 5 complexes for the early and late lan- 
thanides, the sharp B-H stretch in the early lanthanide 
complexes was taken to suggest a more symmetrical arrange- 
ment of the ligands than in the later lanthanide derivatives. 

Returning to the data in Table 24, the bands at 
885 and 880 cm + in the monochloro complexes and the 


Bendeat 6637 cn 


in the dichloro derivatives are assigned 
to absorption due to coordinated THF. Also the band at 
1018 cm + in the dichloro complex appears to be due to 
THF, but it is not clear where this absorption occurs 


in the (HBp2,) .>MC1-THF complexes. A band at ca. 1048 cmt 
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Table 24. Partial infrared spectra of (HBpz.) .MCl,_-xTHF 


- Complexes. 


(HBpz,) .ErCl-THF (HBpz,)YC1-THF (HBpz,) Ercl easy ig = 


2 
2468s,sharp 2470m-s,sharp 2503sh 
2473m 
1384s 1385s 1383s 
1302sh 
1297s 1300s 1293s 
1218sh 
1213s 1210s 1213s 
1054sh 1053sh 
1048vs 1046vs 1043s 
1018m 
975m-s 979s 978s 
933w 930w 
9$24w 925w 
921w 924w 
913w 921w 
902w 
897w 
885m 880m 863m-s 
773s 
753s 760s 
762s 
733m 735m-s 735m 
722s 724s 722s 
715s 
618m-s 3 620m-s 
621s 
604w 609w 


: ’ Bie 
“Frequencies in cm™ ; recorded as mineral oil mulls; 


abbreviations as in Table 23. 
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is slightly broadened and asymmetric for both complexes, 
and could represent contributions from ligand and coor- 
dinated THF vibrations. This assignment is not firm 
because the ligand itself absorbs at this position. 
However, the bands in the 885-860 emt region for the 
three complexes in Table 24 are in an area free of other 
ligand absorptions and can be confidently attributed to 
THF. These band positions for the monochloro complexes 
are similar to those for the THF adducts of the mixed 
sandwich compounds (see Table 11) and, as suggested 
before, represent a significant but relatively weak M-O 
interaction. On going to the dichloro derivative the 
frequency of this band is lowered by ca. 20 cm + 
indicating an increase in the strength of the M-O bond. 
It is interesting to note that the infrared spectrum of 
(C,H-)ErCl.-3THF, recorded in this laboratory, exhibits 
a band at 860 cm attributed to THF. The higher 
frequency band appears to be coincident with or on the 
side of the very strong absorption due to the CoH ring 
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NMR spectra 


The L 


3) 9YC1-THF complex in CD.Cl.. Unfortunately, the 


spectrum contained an impurity (a doublet at 67.3 and a 


(HBpz 


triplet at 66.2 in the ratio 2:1). Nevertheless, the 


H NMR spectrum was recorded for the diamagnetic 
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spectrum did display the expected pattern for symmetrically 
bonded tridentate poly (pyrazol-l-yl) borate ligands 
(deublets atudteJat2anhe) and.7.0)42Hz):, apparent triplet 
a69i0620..{2- HZ) ~in.-thesrabio;67156+.0264.0)....In addition 
multiplets for THF are observed at 63.7 and 61.8 but 
integrate only to ca. 0.89 THF molecules in the complex. 
This spectrum does compare favorably to the analogous 
lutetium derivative which did not initially exhibit bands 


130 (doublets at 


in addition to the desired complex, 
67.6 (2 Hz) and 7.1 (2Hz), apparent triplet at 6.0, THF 
wesonances at 63.6/and  Vs7 an the ratio 6:6:6:3.5:3..5):. 
However, with time, in the spectrum of this sample, 


sealed tn vacuo, also there appear a doublet and triplet 


at 67.3 and 66.2 respectively in the ratio 2:1. 


4. Reactivity of hydrotris (pyrazol~-l-yl) borate (chloro) lan- 
thanide (III) complexes with organometallic reagents. 

i) KCgH, 

Interaction of stoichiometric amounts of K5CgH, and 
(HBpz.)MC1,-1.5THF, eq. (V-3), at -40°C produces the 
THF 
-40°C 


CoH 


(HBpz.)MC1,°1.5THF + K5CgH, 


(V=3) 
(HBpz )M(C,H,) teZ2Kel 


"mixed sandwich" complex (HBpz)M(C,H,) isolated by 


crystallization after filtration to remove KCl. 
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The complexes are soluble in THF and pyridine. As 
expected, the compounds are air and water sensitive but 
they are not pyrophoric as are the base free (C-H.)M(CoHa) 
complexes. However, this difference may be a result of 
the nature of the products obtained with the two materials; 
well formed crystals with (HBpz,)M(C,Hg) and powdery 


solids with the (CoH. )M(CgH,) derivatives. 


Mass spectra 


The mass spectra of the Er and Lu complexes exhibit 
the parent ion as the most abundant metal containing ion 
and there is no indication of THF in the spectrum. 
Fragmentation of the complexes in the mass spectrometer 
reflects the presence of both ligands in the compounds. 
Characteristic metal containing 10ns are ‘listed in Table 25. 

Inspection of the table shows no ion corresponding 
to Orne which was a significant feature of the spectrum 
of the mixed sandwich compounds discussed in Chapter II. 
However, the fragment ion, (HBpz,)M", is the second most 
abundant ion in the spectrum. It thus appears from the 
limited data at hand that the bonding between the poly- 
(pyrazol-1l-yl)borate ligand and the metal is stronger 
than the corresponding interaction with the cycloocta- 
tetraenide moiety. 


Additional fragmentation is characteristic of the 


individual ligands. The loss of acetylene from the 
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Table 25. Relative intensities of metal containing ions in 


the mass spectra of (HBpz,)M(C,H,) complexes. 


Ion Er (145°C) Lua 50°C) 
+ 
(HBpz,)M(C,H,) 100 100 
+ 
(HBpz,)M(C¢H-) mel 2 
+ 
(Bpz,)M(C,H,) 3 6 
(HBpz,)M" 48 41 
(pz) 5M" 29 26 
2+ 
(HBpz,)MC,H, 2 2 
(pz) M* 14 6 
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bound CoH, ligand was seen in Chapter II (a metastable 
peak corresponding to this fragmentation process was 
clearly observed for erbium but was so weak in the 
lutetium complex that its observation was questionable) 


whereas the loss of Hpz and pz were common features of 


the M(HBpz,) , complexes. 


Infrared spectra 

The infrared spectra of the (HBpz,)M(CoH,) complexes, 
listed in Table 26, again display the sharp B-H stretching 
absorption characteristic of the symmetrical arrangement of 
the poly (pyrazol-l-yl)borate moiety. The spectra are com- 
plex in the 600-1600 cm + region and strongly resemble 
one another. In addition the spectrum of the (HBpz 3) - 
ErCl,°1.5THF complex (Table 24) and the (HBpz.) Er (CoH,) 
derivative gave very similar absorptions attributable 
to the HBpz ligand. One notable exception does occur. 


1 


The band at 1213 cm ~ in the former complex appears as 


two bands at 1205 and 1102 em — 


in the latter complex. 
Since the origin of this band is unknown only this 
qualitative observation can be made. 

A more important region of the infrared spectrum in 
organolanthanide complexes containing the CoH, ligand, 
as we have previously shown, is 690-730 cm), In this 


area should be found the absorption due to the out-of- 


plane C-H bending mode. Although this region of the 


1L63.. 


nai parunnes” ccna = wa ke ° sat bad i 


Wil 


The he acme K le 


~ 
neuntinene | gr | aan — ee 
Bilas te AeA quate aad nekein tH 

Bb Qayusponr we Loot eeeaaigh ae RO vere: es s 
ah, it, 38 extote or sta hn atexodt iyn+coumsed si : 
ehdancns xignoste: ban hb po ‘a ad hats nts 

“f) Syma) elt Sy Me; ae: oa? nota or 


" 


i f git? 42( .sqan), sts bes Kee afd): xotgaes, aired 


leleasinnts32° aaoxae somde satiate ieee. oyee 4 
HGP. ene: ie cm Se dati a ai daton, 9n0. stim i | 


; sh Siok 
i atop we cot sano oak mk Ae. ens ey 
aaa ‘deh aat eats ed ey: rene bn ened, apa | 

) ee vite: priipanis as band aide to atgiso oe we 


Dy 


—- ad ae’ 2 soksmteed ovis 


| “to deh ks 
in B98 loka a 
j 4 eo 


169. 


Table 26. Partial infrared spectra of (HBpz,)M(C,Hg) 


Complexes.* 


Er Lu 
2503vw 2505vw 
2463m,sharp 777s 2466m,sharp 782s 
2418vw 763s 769s 
733m 732m 
1389sh 730m 1388s 726m 
1381s 714s 1381s 721s 
1297s 703s 1302s 707s 
1205s 698sh 1211s 702s 
1192s-m 618sh ho on-S 621m 
613m-s 618m 
1047s | 1052s 
974s 982s 
887m-s 890m-s 


; -l : 
aPrequencies in cm ~; recorded as mineral oil mulls; 


abbreviations as in Table 23. 
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spectrum is rich in absorption due to the HBpz moiety, 
bands at 703s/698sh cm! in the Er complex and at 707s/ 
702s cmt in the Lu derivative appear to belong to this 
mode. As we have argued in Chapter II the lower the 
frequency of this mode the greater the degree of electro- 
static character in the metal-ring interaction. A 
comparison of these band positions to those for the 
respective (C.H-)M(CoHe) complexes in Table 3 shows a 
decrease of some 12-15 cm), This would suggest a 
greater degree of ionic character in the metal-CoH, 
ring interaction in the (HBpz,)M(C,H,) complexes than 
in the mixed sandwich compounds. This might imply that 
the HBpz 3 ligand functions as a slightly better donor of 
electron density than the CoH. ligand in these compounds. 
Of course this requires the assumption that both types 
of mixed sandwich complexes have a relatively symmetrical 
arrangement of the ligands so that no unusual solid state 
effects might be present and affect this mode. 

To return to the data in Table 26, the band at ca. 
890 cm! is assigned to the in-plane C-H bending mode 
and falls in the expected region for complexes with the 
CoH, ligand. Attempts to locate the asymmetric C-C 


stretching vibration were hampered by absorption in the 


1430-1440 cm 2 region by the HBpz, ligand. 
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NMR spectra 


ui 


The ~H NMR spectrum of the lutetium derivative, 


exhibiting the characteristic two doublets and a triplet, 
Clearly indicates the symmetrical arrangement of the 

poly (pyrazol-l-yl)borate ligand within the complex. In 
addition the spectrum also contains a sharp singlet due 
to the symmetrically bound cyclooctatetraenide moiety. 
The chemical shift data for (HBpz,) Lu (C,H,) in pyridine- 


ae are, 08.05 d,; 67.64 d,,67.02 s and. 66+10 t in the 


5 
expected intensity ratio 3:3:8:3. 


1 


The most striking feature of the ~H NMR spectrum is 


the low field of the CoH, resonance. This is consider- 


ably lower than the value 66.2 observed for the CoH, 


resonance in (C.H.) Lu (CgH,) (toluene-d, or pyridine-d,). 


8 
Such a low field chemical shift was not anticipated for 
the (HBpz) Lu (C,H9) derivative based on the infrared 
data just noted. However, we have seen before that the 
chemical shift in these organolanthanide derivatives 
appears to be controlled by several factors and does not 
always respond to the simple idea of changing electron 
density on the ring as suggested by the infrared data in 
the solid state. 

The chemical shift of the poly (pyrazol-l-yl) borate 
130 


moiety is shifted from that in the starting complex 


(acetone-d 67.3710), Of273. Gy 166-17 1) and there «7s a 


Ae 
change in the chemical shift difference between the 
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protons yat the: 3iandwther5 Sh aces Trofimenko has 
shown that the chemical shifts and the separation between 
the resonances are both solvent and cation dependent 

in M(HBp23), M ="Li, Na, K, Cs. Thus.the above observa- 
tions are not surprising and could reflect partly the 
change in bonding upon replacing two chloride ions with 
2- 


the C,H 


gis ligand: 


Visible spectrum 

The electronic spectrum of the (HBpz.) Er (CoH,) 
complex was recorded in tetrahydrofuran and qualitatively 
appears to be quite similar to that of the (C.H.) Er (CgH,) 
deravative. The bands im thegvisible: region for the 
two'complexes arejlisted in Table 27. \Agaim a charge 
transfer band tails) into the visible regionsas: seen fox 
the mixed sandwich compound and difficulties similar to 
those noted previously were encountered in attempting 
LOM locate the maximum of this#abeorption. 

The band progression observed for the poly (pyrazol- 
lsyl)berate complex fromes20-555 nmestrikimoaly resembles 
that observed in the mixed sandwich compound. The 
intensity of the bands in this region is only) slightly Mess 
than for the (HBpz3) Er (C,H9) complex...) Lt. appears that 
the central metal in these two complexes is in a compar- 
able environment. 


The small differences in band position between these 


two complexes might suggest that a slightly greater red 
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Visible spectrum of (HBpz ,) Er (CoH,) and 


: a 
(C,H) Er (CgH,) ineTHE< 


ERS 's 


(HBpz 3) Er (CoH,) Assignment (C.H.) Er (CgHa) 
r € r € 
493 9 
ip 496 13 
vii Sp 
492 4 498 10 
495 5 501 | 
519 2 
522 33 
2 
524 10 Aya/12 527 44 
528 16 529 oh 
53) 6 533 24 
538 3 536 18 
DoT 5) 539 14 
4 
539 2 83/2 543 2A. 
542 4 547 10 
545 3 549 9 
553 10 554 10 
555 4 557 i 


“wavelength in nm. 
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shut sofiothenf<£ fer SE ee in the (Cp H-) Er (CoH,) 
compounds. However, as we mentioned in Chapter III, 
quantitative comparison requires knowledge of the ground 
state splitting and assignment of excited state levels. 

A difference of 3-5 nm is too small to provide a firm 
basis for discussion of changes in the electronic spectrum 


when the CoH. ligand is replaced by the HBpz. moiety. 


ii) Reactions with other organometallic reagents. 


2 


complexes react in a similar fashion with KoC oH as does 


the cyclopentadienide analogues. It was hoped that, as 


We have established that the (HBpz,)MC1 HE eed Wis Bs 


shown for the analogous cyclopentadienide derivatives 
by Tsutsui, © the chloride ions could be exchanged with 
anionic organic moieties providing a new class of o- 
bonded organolanthanide complexes. 

Reactions were tried first with Mg (CH,SiMe,).,, 
LiMe, LiPh, CH CHoMgCl and the monochloro and dichloro 
poly (pyrazol-l-yl)borate derivatives. These reactions 
were Carried out in the*’usual manner by adding the 
stoichiometric amount of the organometallic reagent to 
a solution of the poly (pyrazol-l-yl)borate complex. The 
reactions did not yield the desired complex in any case. 
The most readily identified product in these reactions 


was the corresponding M(HBpz.) 3 (infrared and mass 


spectrometry) and in some cases the respective RH compound 
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(NMR spectrometry) was identified. Other metal containing 
compounds could not be identified. There is no ready 
explanation for the course of these reactions. However, 
it was felt that the drive for higher coordination numbers 
in the lanthanide series might be responsible for the 
observation of M(HBpz,) , asa reaction product... Tf such 
a problem existed, it was hoped that the use of a ligand 
capable of occupying more than one coordination site 
might result in stable, isolable complexes. The reaction 
of o-lithio-p-tert-butyl1-N,N-dimethylbenzylamine with 
(HBpz,) .>ErCl- THF was carried out in the hope that the 
nitrogen in the amine ligand would act as a donor to the 
erbium. Then chelate formation would stabilize the 
desired complex. Once again Er (HBpz,) 3 was identified 
aS a product of the reaction as well as the parent amine. 
A different route then was tried to obtain organo- 
lanthanide derivatives containing the poly (pyrazol-1-yl)- 
borate moiety. Instead of starting with the (HBpz 4) - 


MC1-THF derivative, the (C,H_)MC1 -3THF complex was used 


2 


and KHBpz 4 was reacted with it. In reactions with M = 
Sm, Er; Yb and the storchiometricaquantity 3of KHBpZ 3, 
the tris complex, M(HBpZ 3) 3 was again observed. There 


is at least some precedence for the displacement of the 


cyclopentadienide moiety by the HBpz ligand. 
Trofimenko'!> obtained Fe(RBpz,), in reactions of RBpZ 
ror 


with (C,H, ) Fe (CO) 5X. Also King and Bond obtained 
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(CH,) ,Pt (HBpz,) from KHBpz., and (CH Pt (C,H.). 


3 3)3 
Because of difficulties experienced in isolating 
characterizable compounds the reaction of these 


(HBpz,) MCl,_. complexes with organometallic reagents 


was abandoned. 


Ss. ‘Conclusion 

We have demonstrated that poly (pyrazol-1l-yl) borate 
complexes can be prepared with the lanthanide metals. 

The complexes obtained include the solid, air stable 
M(HBpz.,), derivatives and the hygroscopic (HBpz,) ,MCl,_o° 
XTHF compounds. 

The range of metals involved for the two series of 
compounds noted above parallels the behavior of the 
cyclopentadienide derivatives, i.e., the chloro deriva- 
tives appear to be limited to complexes with the later 
lanthanides and no limitation exists for the M(HBpz.) 3 
series. 

This parallel behavior with the cyclopentadienide 
complexes, however, does not continue in all aspects of 


the chemistry of these complexes. 


The Lewis acidic character of the M(C,H,) 3 complexes 
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has been noted in the introduction and it is to be contrasted 


to the complete ‘absence’ of such behavior in’ the M(HBpz 3) , 


plexes. Also, the air stability of the M(HBpz deriva- 


3)3 


tives in the solid state as in marked contrast to the 
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tricyclopentadienide complexes. An interesting feature 
discussed for the M(HBpz 3) 3 complexes is the existence 
of two solid state structural classes for compounds with 
early and late lanthanides. The exact nature of the 
changes between the early and late members of the series 
awaits X-ray crystallographic analysis of one of the 
early members. 

The reactivity of the chloro compounds is also very 
different. The reaction of K5CgHe, with (HBpz,)MC1, did 
yield the "mixed sandwich" complexes, analogous to the 
(C,H_)M(CoHe) complexes. However, in contrast to the 
(C,H) .MR, attempts to prepare o-bonded hydrotris (pyrazol- 
l-yl) borate containing organolanthanides have met with 
great difficulties and the desired compounds could not 


be isolated. 
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CHAPTER SIX 


SYNTHESIS OF M(N*pr COMPLEXES 


2)3 
Pe? Introadvuetien 
The subject of metal dialkylamides was extensively 


reviewed by Bradley in leg Pare and by Bradley and 


Chisnotne winorem 2 


The synthetic utility of this class 
of compounds is demonstrated by their ability to react 
with protic species and to undergo insertion reactions 
with unsaturated substrates. The metal dialkylamides 
are also of interest because the steric requirements of 
the ligands are capable of stabilizing unusually low 
coordination numbers. 
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Bradley et al. made use of the bulky ligand, 


[N (SiMe te prepare three coordinate lanthanide 


vig tious 
complexes, M[N(SiMe,).,], (Mi= "ha, CeyrPrs Na, Sm>) Buy 

Gd, Ho, Y, Yb, Lu). The compounds are monomeric, sub- 
lime at 75-100°C and gis mmHg, and are soluble in hydro- 
carbon solvents from which they could be crystallized. 
Their properties made the synthesis of tris (diisopropyl- 
amido) lanthanide(III) complexes attractive. It was felt 
that the use of the diisopropylamido ligand, [N*pro], 
may provide sufficient steric hindrance to isolate 
monomeric M(N*pr5) 4 (M = lanthanide metal) complexes 

and that these compounds would act as starting materials 


for the synthesis of other lanthanide complexes. In 


particular, neutral six coordinate molecules could 
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potentially be synthesized by carrying out insertion 


reactions with unsaturated substrates such as CO COS; 


2! 
and CS. This would provide the opportunity to extend 
and to study the chemistry of a relatively rare coordina- 
tion number in lanthanide chemistry. 

This chapter will describe the attempted preparation 


of M(N*pr complexes, and the difficulties encountered 


2)3 
in the syntheses. During the course of the work Bradley 


et Pree 


did report the synthesis of such compounds for 
M = Nd, Y, and Yb. However, the neodymium complex 
crystallized with one molecule of coordinated THF. This 
indicates that, at least with the larger na?* pon, sthe 


size of the N'pr, moiety is not sufficient to stabilize 


three coordination. 


Z7.8 Results and Discussion 


The preparative route for the synthesis of M(N"pr) 3 
complexes was identical to the method described by 


Bradley?>* for the synthesis of the corresponding silyl- 

amides. It involves the interaction of three equivalents 

of lithium diisopropylamide with anhydrous lanthanide 

chloride in THF solvent at room temperature. eq. (VI-1) 
THE 


MG. tb 3LiN’ pr, —_———» M(N’pr 


3 LESELCT (Vil) 
R.T. 
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M = Pr, Sim. NG 
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In the Pr reaction, the contents of the flask were 
stirred overnight, and the color of the solution changed 
from green to light yellow-green and finally to brown 
during this time. The solvent was removed tn vacuo, the 
residue was extracted with pentane and the LiCl was 
removed .by ‘filtration.s,sCooling »the»filtrateyat -20°C 
produced light yellow crystals and a brown film on the 
bottom of the flask. The crystals were separated from 
the supernatant liquid and recrystallized from pentane. 
Again, light yellow crystals were obtained but there 
was also the brown film coating the bottom of the flask. 
Repeated recrystallization produced crystals that became 
yellow-brown in color and began to have a sticky surface 
whieh was;rdifficult tordnrysar Repetituonrofvehe above 


procedure has allowed the initial isolation of crystals 


ranging in color from paheiguecnstotyellow=browns, However, 


in each case it was observed that recrystallization 
eventually led to yellow-brown sticky solids. A satis- 
factory analysis for Pr(N*pr5) 4 could not be obtained. 
Similar problems were encountered in the Sm and Nd 
reactions. With samarium only an oil product could be 
obtained: Crystallization: frometheyred-=brownepentane 
solution containing the original crude material could 
not be induced even when the solution was kept at -78°C 
overnight. Crystallization of the neodymium product 


was more successful, but instead of a single compound, a 
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mixture of blue and green crystals was obtained. Attempts 
to separate the crystals were unsuccessful and recrystal- 
lization again yielded a sticky solid. 

The difficulties experienced in the above reactions, 
especially the inability to purify the complexes by 
recrystallization, suggested that the complexes were 
either unstable or contained a mixture of compound or both. 

The mass spectra of the solid products obtained 
from the various Pr and Nd preparations gave support 
for the formation of more than one complex. The spectra 
Of the ,Pri.compound, sinvadadircionm ‘to the, expected parent 
ion at m/e 441, also contained ions at m/e 448, 548, 555 
and 349. These ions correspond to Li[Pr(N*pr) 417, 
ed eerel one yeye he 


Li [Pr (N*pr ee ich Li [Pr (N° pr.) - 


gral 2)4 
(HN*pr)1*, respectively. Although absent from the 
spectra of the purest samples, see Experimental section, 
the presence of these ions in some spectra show that 

LiPr (N*pr5) 4 can.also’ Eormvandsecouldiicomplicate, the 

SO bab LOn OL apULe Pr (N*pr5) 3: The mass spectrum obtained 
from the mixture of blue and green neodymium crystals 
also showed, in addition to Na (N*pr5)4", an ion correspond- 
ing, £o Li [Nd (N*pr.)4]* However, the mass spectra of 
these complexes also indicated the presence of THF in 
the compounds.e,-This 2s,in bine with the report of 
Bradley’*> which showed that the neodymium diisopropyl- 


amide is in fact the mono THE adduct, Nd (N*pr “HE. 
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It is quite likely that eee Pr complex of this work 
also contains a molecule of THF. 

IMn-at eLrrove  comara in the rsolation of pure and 
solvent free amido complexes the Pr reaction was repeated 
in hexane and in benzene. However, in both cases only 
lightly colored solutions were obtained and some of the 
reactants remained undissolved. Filtration and evapora- 
tion of the filtrate followed by mass spectral investiga- 
tion showed no evidence of complex formation. A mass 
spectrum of the solid filtered from the reaction flask 
also did not indicate Pr (N'pr5) 4. 

At this point, being unable to purify satisfactorily 


the M(N*pr complexes, it was hoped that, by reacting 


sue 
the complexes with an appropriate substrate, a more 
easily purifiable product could be obtained. In this 
way the goal of utilizing the M(N*pr5) 4 derivatives as 
reagents in lanthanide chemistry would be reached. 

The most obvious choice of reagent is one that will 
produce a complex similar to already known derivatives. 
For this reason the insertion reaction with CS5, eq. (vI-2), 
was carried out. 


: Gel : 
M(N°pr5) 3 + excess CS. Be SAO’ M(s5cn prs), (VI-2) 


R.T. 


M = Pr, iNd, Sm 
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The reactions proceded rapidly in each case. The 
appropriate dithiocarbamate complex precipitated from 
solution and was identified by mass spectrometry. Tris- 
(diethyldithiocarbamate) complexes have been reported 

by Brown et pie ee TiescGOLlOors,cfw the, Pr, iNd,,,and»Sm 
complexes are pale green, blue, and white respectively. 
The color of the complexes obtained in the present study 
are yellow-green for Pr and Nd and brown for Sm. 

Although the mass spectra exhibit a simple fragmenta- 
tion pattern, corresponding to the ions, M(SCN*pr5)*, 
[M(S.CN*pr.) ,-CH,]*, M(S) (S,N*pr,)* and M(s,CN'pr,),* 
because the color of the complexes are unexpectedly 
different from the diethyldithiocarbamate derivatives 
it is most probable that the compounds contain other 
nonvolatile component(s). There is no longer any 
indication of THF in the mass spectra. The Pr(S,CN'pr.) , 
complex dissolved in CHoCl., to give a yellow-green 
solution. However, crystallization attempts failed and 


only... brown oily residues were obtained: . At. this+point 


further work with the amides was discontinued. 


3. Conclusion 

in retrospect 2t aisiiclear thaw the majom problem 
associated with the isolation of pure tris(diisopropyl-— 
amido) lanthanide(III) complexes in this study does not 


reside in the formation of mixtures. Although Li [M(N"pr.) 4] 
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compounds have been seen anGaone of the preparations, 
solid materials whose mass spectra showed only M(N*pr4) 3 
have been obtained also. The report of Bradley et ee 
also indicates that pure M(N*pr 5), complexes can be 
isolated and characterized. However, these authors showed 
that the molecules are thermally unstable and whereas 
tricoordinate compounds are obtained in good yield with 

Y and Yb, the Nd complex forms a four coordinate THF 


adduct only in low vistas. 222 


The presence of THF also 
has been established in the compounds of this study. 

It' is thus probable that the difficulties experienced 
with our compounds are related to thermal instability, 


and the presence of the THF molecule. The repeated 


erystallization and drying,in eur attempts to purify the 


184. 


complexes, probably have resulted in some loss of coordinated 


THF which rendered the compounds more prereeowaed 
decomposition. The initially well formed crystals with 
Pr and Nd which deteriorate to sticky solids upon 
recrystallization is consistent with this suggestion. 
Thus, even though pure lanthanide diisopropylamides 
can be synthesized, their utility as starting materials 
for the preparation of other lanthanide complexes is 
severly limited by their delicategnature andpby the 


problems associated with their isolation. 
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CHAPTER SEVEN 
EXPERIMENTAL PROCEDURES 

1. General 

The handling of these very air-sensitive organo- 
lanthanide complexes was performed under an atmosphere 
of purified nitrogen. High purity nitrogen was passed 
through a heated column of BASF catalyst Re-ll to remove 
oxygen and then through a column of Aquasorb (Mallinkrodt) 
to remove traces of water prior to entering a double 
manifold. All manipulations of the compounds were 
accomplished with the aid of the double manifold (vacuum/ 


nitrogen); standard Schlenk technique¢ 2’ were employed. 


solvents 

Solvents were purified according to standard pro- 
Bedhres | with all operations performed under purified 
nitrogen unless otherwise stated. Reagent grade solvents 
were used. 

Tetrahydrofuran was refluxed over lithium aluminum 
hydride for 18-20 hours and then distilled onto sodium/ 
potassium alloy. After refluxing an additional 10-12 
hours, benzophenone was added. Once the blue color of 
the benzophenone ketyl radical developed and persisted 
the solvent was suitable for use. The tetrahydrofuran 
was then freshly distilled just prior, Co use and” trans— 


ferred by syringe. Syringe transfer technique was used 
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with all solvents. Benzene and toluene were refluxed 
Over potasSium initially for 8-10 hours and kept in 
contact with the metal. They were then distilled as 
needed. Hexane and pentane, commercial grade, were 
washed with sulfuric acid until no color developed in 
the acid layer. The solvents were washed with water, 
aqueous sodium hydroxide and water again. After drying 
over magnesium sulfate (these operations not under 
nitrogen) hexane was transferred onto sodium/potassium 
alloy and pentane onto calcium hydride. After an initial 
reflux period of ~18 hours the solvents were distilled 
as needed. Before using pentane it was: necessary to 
first degass the solvent by repeated freeze-evacuate- 
thaw cycles. Pyridine was refluxed over and distilled 


from barium oxide. It was then freeze-thaw degassed. 


Spectral Analyses 

Infrared spectra of the compounds were recorded on 
a Perkin-Elmer Model 467 spectrophotometer as mineral 
oil or halocarbon oil mulls sandwiched between KBr discs. 
The mineral oil was distilled from sodium and the halo- 
carbon oil was stored over Linde 4A molecular sieves. 
All organolanthanide samples were prepared in a nitrogen 
filled glove bag. 

Raman spectra were recorded on solid samples sealed 


in capillaries under nitrogen using a Beckman 700 Raman 


186. 


ak 


"Ries isan Sati te BR ts ss en 


<a 
os 


oy aw “f ; ean 
i af A ah O9as # ve | > onl i oe a Faaw ibe oe | ne 
evych ihe bao ae a oe avery bo at ve 


a a sis a <A prt, ob on Lice 


Since oc as at aot wee h Ecoe ope ns - estiaBenan ame 
(eytier nh tere rhe, eee, Tae a king i eine pani 
hei 4 tei anew. et agee yy bap tuoi, ahs, a. bed . 
Os Gadaweie a Gili he area, paige, BIOTA, 
ety tied HVE SREe I 5 hie ae get. ial doohitoe mit te : 
BeI TO KED hes new Bean ih +f edit oa REIT 
bite, 


pete aga hi; Wea 58 4% = a oe ‘ain aa 


Aga Set. TS HEINER tS ote iil tak 
- ar yt ry vghy vi at a sett, ape Ge i 2 6 pou Bho, 
“ig ter . at eae Puts a peal + i dy i ed Sh eet; fp fos , 


en ieipeokeh AP a Reid, ee ei few tp 


Memmi ae as. bonangles San, aakegtile, 


ete iano ft wadon 


G hon ; Sie > ; ie a wy, oe Sear. y 6 ak - . 
> 1a pip , Fe em Ve "i “and my ar on \ae- oe up 


laser spectrophotometer bawitppéa with an Ar-laser. 

Mass spectra were recorded on solid samples with 
an AEI MS-12 spectrometer operating at 70 eV unless 
otherwise stated. The samples were introduced into the 
spectrometer by a direct probe technique. A sealed, 
nitrogen filled capillary containing the complex was 
broken immediately before insertion into the vacuum 
chamber. In this manner mass spectra of the very air- 
sensitive organolanthanide complexes were obtained. 

Proton magnetic resonance spectra were recorded 
on several instruments: Varian A-60 or A-56/60, 
Perkin-Elmer R32 operating at 90 MHz, and Varian HA-100 
interfaced to a Digilab FTS/NMR-3 data system. Carbon-13 
spectra were recorded on a Bruker HFX-90 (22.6 MHz), 

a Bruker WP-60 (15.08 MHz) and a Bruker WH-400 (100.6 
MHz). The deuterated solvents for NMR work were 
freeze-thaw degassed. Pyridine-d, and DMSO-d _ were 
dried over barium oxide and vacuum distilled onto Linde 
4A molecular sieves. Benzene-d_¢ and toluene-d, were 
distilled from potassium and stored over molecular 
Sieves. Methylene chloride-d, was distilled from phos- 
phorus pentoxide and stored over molecular sieves. 
Solutions of the complexes were then introduced to dry, 
nitrogen filled NMR tubes. The NMRy cubes were either 


equipped with a serum cap through which the solution was 


introduced with a syringe or they were attached to a 
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138 comprised of a constricted 14/20 


filling adapter 
ground glass joint and stopcock that could be attached 

to the double manifold via vacuum tubing. This permitted 
sealing the NMR samples tn vacuo. Chemical shifts are 
referenced to the residual protons giving rise to sol- 
vent peaks and converted to TMS values. 

Electronic spectra were recorded on Cary 14 or 
Unicam SP 1700 spectrophotometers. The top of a l-cm 
quartz cell was fitted with a serum cap which enabled 
filling of the cell with dry nitrogen after evacuation. 
Solutions of the complexes were then introduced to the 
cell via syringe and the spectra recorded immediately. 
The spectra were usually recorded several times using 


different solutions and concentrations, the molar 


Extanction coefficient ‘remarnedsconstant)toswrthin 15%. 


Elemental Analysis 

Elemental analysis of the mixed sandwich complexes 
has preved to be very difficult due to the extreme air 
Senictery ty sof sthe compounds. “Similar difficulties 
have been encountered by a number of Peees Wears: ek ae 
in theievattempts to obtain vanalyses) for’ other iorgano- 
lanthanide derivatives. Nevertheless, analyses were 
attempted at the Alfred Bernhardt Microanalytical 


Laboratory, West Germany and Schwarzkopf Microanalytical 


Laboratories, Woodside, N.Y. Samples sealed tn vacuo 
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were sent to these two companies but met with varied 
success. This, in most instances, is 
attributed to’ the difficulty in handling the complexes, 
which is particularly true for the powdery, unsolvated 
mixed sandwich complexes. The analyses done at these 
commercial laboratories for a small representative 
number of complexes substantiates the formulation of the 
mixed sandwich derivatives and base adducts. The 
combination of elemental analyses, NMR spectroscopic 
data, and mass spectral data further supports the formula- 
tion of the mixed sandwich complexes and the Lewis base 
adducts in this study. 

The carbon, hydrogen, and nitrogen combustion analyses 
for the lanthanide poly (pyrazol-l-yl)borate complexes 
were carried out in the microanalytical laboratory of 


this university: 


2. Synthesis of the Mixed Sandwich Complexes, (C-H.)M(CoHo) 
base adducts and reactivity. 
Starting materials 


MCl1. (M = lanthanide metal) 


3 
Anhydrous lanthanide chlorides were prepared from 
the hydrated salt (Research Chemicals, Phoenix or Rare 
Earth Division, American Potash and Chemical Corp., West 
Chicago) using thionyl chloride (Aldrich Chemical Co.,) 


as described by Freeman and smith.t39 an example 


follows: 
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A 200 ml nitrogen filled flask was charged with 
nor2°G (OT 0Semole)) oterinely* ground SmC1.°6H,O. To the 
flask was added 60 ml (0.8 mole) of freshly distilled 
thionyl chloride. The initial exothermic reaction is 
allowed to subside and the contents of the flask are 
enen’strrred*and=rertuxed, tor *ho-hours.°*Thermrxture is 
allowed to cool to room temperature and the solid to 
settle to the bottom of the flask. The supernatant 
liquid is then removed with a syringe and another 60 ml 


(0. S- mole) of *SOCl~Fis*added tothe flask? *The mixture 


2 
is refluxed for 10 hours and after cooling, the SOCc1. 

is removed with a syringe. The smC1, is washed with 
2Uy™mL~ portions ofvdry benzene until *no*turther color 
develops in the solvent layer. After filtering the last 
benzene washing the anhydrous smcl, is dried under vacuum 


at’ room: temperature’ for 36~hours: 


Cyclopentadiene was obtained by heating the dimer 
(Eastman Organic Chemicals) at Cama 02 under nitrogen, 
and the monomer (b.p. = 42.5°C) was collected ina flask 
Maintained at -78°C. It was then reacted with sodium 


sand in the usual manner to produce sodium cyclopenta- 


dienide. 


Le: 
Cyclooctatetetraene (BASF) was freeze-thaw degassed 


and vacuum distilled onto Linde 4A molecular sieves. 
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It was then converted to the dianion by a procedure 
Similar, .to,that.of,Katz net ci ae 

To al liter 3-neck flask equipped with a mechanical 
stirrer and dropping funnel was added THF (230 ml). The 
solvent was cooled to -40°C and 7.95 g (0.2 mole) of 
potassium, freshly cut in small pieces to expose a clean 
metallic surface, was added. The dropping funnel was 
charged with 10 mrtof-THE .and.9.4;mi of cycloctatetetraene 
(0.083 mole). The cycloctatetetraene was then slowly 
added to the rapidly stirred potassium and the temperature 
of the flask wasikept at cace—40°C overnight. .The 
dropping funnel was then rinsed with 10 ml of THF and 
the yellow-brown solution was kept stirring at -30°C for 
an. additional 8 hours. The contents of the flask were 
then filtered to remove the excess potassium metal. 
The concentration of the solution (0.36 M) was determined 
byenvarolysis: of the K5CgHe under nitrogen followed by 
titration of the resulting potassium hydroxide with 
hydrochloric acid. “This (‘stock @sotution must. be used 
within 2-3 days to avoid decomposition of the very air 
sensitive K5CgHe- 

[C,H MC1-2THF] . 

The monocyclooctatetraenide complexes of the early 
lanthanides were prepared and isolated according to the 


procedure of Streitwieser, et oe 
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(C,H. )MC1, - 3THE 


2 
The monocyclopentadienide derivatives for the heavy 
lanthanides were synthesized according to the method of 
Dubeck et ian The melting points of the crystallized 
complexes were compared to the literature values. Al- 
though the complexes reported by Dubeck et al. had 
satisfactory elemental analyses a recent Ty NMR spectrum 
of the lutetium complex recorded in these laboratories 
in pyridine-d, appears to indicate the presence of four 


THF molecules per lutetium (66.32, 5H, CH 63765:, 


575! 
G6. 2H, THE; 61.06), fo. 9h seth). |The spectrum is) shown 
in Figure 17. In all previous reactions with the mono- 
cyclopentadienide lanthanide complexes the formulation 
according to Dubeck had been assumed. The reason for 


this. "extra" THF molecule in the lutetium complex has 


not yet been identified. 


Other reagents 

Cyclohexylisocyanide (Aldrich) was degassed, vacuum 
distilled onto and stored over Linde 4A molecular sieves. 

Anhydrous 1,10-phenanthroline (Aldrich) and anhydrous 
iron(II)iodide (Alfa Inorganics) were used without further 
purification. .Trimethyl ;chlorosilane (Silar Laboratories 
inc., Watervliet, N.Y.)>) mercury (ei yichloride, and yeterbium 
metal (Rare Earth Division, American Potash and Chemical 


Corp.) were used as received. Ammonia was condensed from 
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a lecture bottle onto sodium metal and allowed to stir 
at reflux" for’30eminutes. It was then distilled into 


the reaction vessel. 


(Ce He )M(C OHA) °! “THF and (C (C.Ho)M(CoH aL 

The synthesis of several lanthanide mixed sandwich 
THF adducts will be described since these complexes 
served as starting materials in subsequent preparations. 
The syntheses described will also illustrate the general 
preparative method involved and the experimental dif- 
ficulties encountered in obtaining pure products. In 


addition, some physical data which helped in securing the 


composition of the complexes will be given. 


M=Ho 


To. a rapidly stirred ‘solution of (C,H) HoC1l. * 3THF 
(047 ¢g, 2.85 mmol) an Hr (507 mh) sats—304C) was added 


slowlyvan0.256 M THE solutzon, of Ciskea Glen 225.65 


2@ghg 
mmol). The reaction mixture was maintained at -30°C 

for 1 hour and then allowed to warm slowly to room tempera- 
ture. After a total redaction time .of¥18 hours the ‘volume 
of the yellow solution was reduced to 30 ml by evaporation 
ateireduced pressuretand £1lteredetotremove cKeL. orTo...the 
yellow filtrate was added 10 ml of hexane followed by 
coolingvat -—20°C@sfor /36shours ttorproduceiibright yellow 
Crystalssof (C,H.)Ho(CoH,) *THF. The compound was re- 
crystallized from a minimum of THF/hexane solvent mixture 


until judged free of chloride ion by AgNO. test to give 


3 
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O2700% 9 "(432 “vyirerd) "orepure eoncotnd! The mass spectrum 
of the complex is listed in Table 28 and the infrared 
spectrum in Table 29. 

The coordinated THF molecule was then quantiatively 
removed by vacuum drying at 10> mmHa/50°C%tormiy. 5 hours: 
Raat §CAlCHM LOC ttiew no cunt 46 .°)15.°) Hy ud «92 HO. 49635). 


P3238 
Found: <C, \"46) 85 0H, 4.02e) HO, “493652 


M=Er 

The THF adduct of the erbium complex was prepared 
and isolated exactly as the holmium analogue. Yield 
46%. fAnal.wCalcd for C,7H,, Ero: Ce A Oi sys Leys 
Bry 40 93% O,, 329225) CeOund: arc yee 0.6); chy, 5.077 (beg 41.53; 
O, 3.98. The THF was then removed by vacuum drying 
ror mm Hg/50°C until no evidence for THF appeared in 


the mass spectrum. 


M=Yb 


To a rapidly stirred solution of (C,H,) YbC1. * 3THF 
(33.479, °6.6 mmol) Aine THe {o0nm1)) ati-50°C was) added 


slowly a. @. 2598 Motu solmGronco fiak (25 6d, 6:6 


2288 
mmol). The initially orange solution underwent color 
changes to bluish-green afters the first 1-2 >mivot KoCgH, 
were added and then the blue coloration continued to 
increase in intensity as addition was completed over a 


I hour’ period. The> contents of the flask were Kept at 


ca. -~40°C for an additional hour and then allowed to 
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Table 28. Relative Abundance (%) of Fragment Ions in the 


Mass Spectrum of (C[H.)M(CgH,) * THF 


Ion M = Ho M = Nd 
en pa 100 40 
Cor eam 4 ra 
CoH ,M” 49 89 
CoH eM” 21 = 
CiHM” 7 3 
C.HoM™ 55 100 
CHM" 10 13 
cht leMee 3 3 
mt 24 20 
Re 6 3 
Cane 14 7 
os 7 10 
Cra 25 20 
GAH.O" 36 180 
eA eel 32 160 
ci Ba 75 56 
Cree 13 37 
ey ecu es 5 6 
Re 9 10 
Cae 66 500 
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Table®29 7. Vvinftrared spectra of (C,H. )M (CoH) * THF Complexes.° 


M = Ho M = Nd 
1438m 1436w-m 
1339w 1342w 
1308vw 1310vw 
1261w 1253w 
1171lvw 1178vw 
1058vw 
1030s 1023s 
1012s 1010s 

918w 926w 
897m-s 897m 
880s 870s 
| 799w 
798s 778s 
781s 768s 
751sh 756w 
746sh 
714s 704s 
697s 695s 
671sh 677w 
647Vvw 652vw 


; =) et ae 
@rrequencies in cm -; abbreviations as in Table 
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warm slowly to room temperature Overnight. The reaction 
mixture was filtered to remove the precipitated KCl and 
a blue insoluble complex which was later identified as 


Ybo (CoH,) 3- The*blue filtrate was cooled to -20°C for 


4 hours producing more Ybo (CoH collected by filtra- 


3) 3" 


Li0n, and” a small amount of the desired (C5H.) Yb (CoH.) “THF 


as indicated by infrared and mass spectral analysis. 
the’ final” blue” filtrate was kept at”"=20°C “until crystal- 
lization was complete to give 1.30 g (47% yield) of 
pure (Co H,) Yb(C,H,) -THF. Anal. Calcd for Cj, 7H, ,0Yb: 
Spee Zhe iy Oat LO, ate TO. VPOUNds Cr aor Ol Ty (4. OG3 


Wor 42.25% 


M=Y 


Two methods were employed for the preparation of 
the yttrium complex. The first method, (i), is based 
Ghian 2 ‘situ preparation, oF (CoHg) YC1 And 1S, OnlYasuit— 
able for the synthesis of the unsolvated complex. The 
Second route, (11), consiststo£ tne prior vsolation of 
(C,H) YCl, and its subsequent reaction with K5CgHe, the 
conventional method described before for M = Ho, Er, Yb. 
The latter synthesis is suitable for both THF adduct 


and unsolvated complex. 


(1) "To*a rapidly “StirredVsilurry Or aunyarous yYCr co. 


3 
G7 0.05 mol) tn COMME OL HP attca. 700) C was adacd 


dropwise a 0.26 M THF solution of KoCgH, 
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After addition was complete the yellow-brown solution 
was allowed to warm to room temperature overnight. At 
chas point theleolorvoL che solution is: bright vellow. 
The contents of the flask were then cooled again to 


=£0°C and (4.3599) (0n0ommnoL) or Nac in 40 ml of tetra- 


sis 
hydrofuran was slowly added to the reaction mixture. 
This produced a reddish-yellow color after warming to 
room temperature overnight. The solvent was then 
removed from the flask tn vacuo and the resulting orange 
residue was transferred to an apparatus suitable for 
sublimation in a tube furnace. Colorless crystals of 


(CoH_)Y(C Hg) were sublimed from the crude product at 


ai 


8 
100°C/10 > mmig. Yield 1.4 g (118). ‘+H NMR (toluene-d, ) 
S622 5' \(S) OH)ic 105.554 (op on i. 

ii) In a manner Similar to the preparation of the Ho and 
Er analogues, yellow crystals of (C,H) ¥(CgH,) THF stig) 
approximately 35% yield were isolated. Anal. Calcd for 

C1 7H) 0%: Cy, 61.183 22H OS IO a Oa Yi LO a9 ly POUNnGs 
GriG los, 6.23 5 Ow reels meio uli. 


M=Lu 
The yellow lutetium analogue was also prepared by 


a route analogous to the Ho and Er complexes in a yield 


a 


Cima3 =. H NMR (pyridine-d,): HGe2 0S) LSHYHE65S488Ns, 


5H)i: ¥6S 59 (nm, @4H) 7961.54 (my R4b)eeCthe THE /ofrsolvation 


was then removed during sublimation at 115°c/1074 mmHg 
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giving colorless (C.H_) Lu(C,H,) . H NMR (toluene-d,): 


B6.24 1(S, 8H) 65.29 ats, 15H)... 


M=Sm 


The preparation of the samarium mixed sandwich 
complex was first attempted by procedure (i) above for 
the yttrium complex, but substituting crystallization 
for sublimation as the isolation method. This produced 
a mixture of a brown and a violet colored product which 
proved virtually inseparable by repeated crystallization 
from THF/hexane mixtures. The following procedure was 
more successful. 

To a rapidly stirred solution of (C.H,) SmC1.° 3THF 
CSG +g)" 3.6 sno F)- Sen “DHE 46/70 i) *at. —20°C was “added 


slowly a 0.4 M THF solution of K COMTI Sho MMOL). 


2 eae 
This immediately produced a violet solution. The contents 
of the flask were allowed to warm slowly to room tempera- 
fure ‘with rapid ‘stirring. “ALterva ‘total reaction time 
Gero nours the contents of the flask were filtered and 
the filtrate cooled to =20°C. Violet, extremely air- 
sensitive crystals were obtained. Mass spectral analysis 
indicated the presence of Sm(C.H,) 3 which necessitated 
repeated crystallization from THF/hexane mixtures to 
remove the undesired complex. This contributed to the 


1 


low yield, 80 mg (6%). H NMR (DMSO-d _) : Oto NUS, WaOr pe 


65.98 EspwoH)isseeo.oge (m, AH); o1.72 (mm, 4H). 
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M=Nd 

fo a Taplialy stirred slurry of [ (CoHg)NdCl- 2THF] 5 
fo.43 9g, 0.5 MMOL) -in.eo mi Of THE ‘cooled to —420°C ‘was 
added a solution of NaC, He (068 2), 0 WmOL) an Po mi 
of THF over a period of 30 minutes. The reaction flask 
was kept at -40°C for one hour and then allowed to warm 
slowly to room temperature overnight. The contents of 
the flask were then filtered to remove precipitated 
NaCl which was contaminated with Nd (C,H) 3 and possibly 
Nd. (C,He) 3 and the volume of the green filtrate was 
reduced to about 20 ml. Hexane (5 ml) was then added 
and cooling to -20°C produced bright green crystals 
which were isolated by filtration. Recrystallization 
from a minimum of THF/hexane solvent mixture gave 0.1 g 
27> yield) >, The) mass spectrums for the complex is listed 


as 


in Table 28. H NMR (pyridine-d,): 60.87. (s, 8H); 


62.79 (s,.. DH) s63..65. (in Ale ool. um, AH) The 
coordinated THF was then removed by heating at 80°C/107° mm- 


Hg for ca. 2 hours. 


M=Pr 
The praseodymium complex was prepared in a similar 
way to give the pale green crystalline THF adduct Te 20% 


yield. 


(Cols) M (Clg) “L 


The adducts were obtained by direct reaction of 


the base with either the mixed sandwich complex or their 


By 


bi Rage ay nes Saal: ‘a Rat 


sigh ey nay th ; panaien ee ion eet ma 


rah 


‘Kitna 8 spr Me 


y 


Pipes igh ee oe be 


nee cy ade el toneniaaas 2am 


- 
<i 
hwy 
<= 
2 
o 
— 
idi 
nn 


On ai! es ee ae oo nt ' 
‘a | | 


ny) it 
fe % * 


. aeare 7.4) 


_ 


7 ¥ 


* 


202. 


THF adducts. The compounds were then isolated as powders 
or crystalline products in near quantitative yield 
usually by the addition of hexane to the reaction mixture. 


Two example will describe the general preparative scheme. 


M=Ho, L=C,H,,NC 

TO) aLSLurcy ion (C,H_) Ho (CoH) (02-27 dy) 10 Ge mmol) 
in 35 ml of toluene at 0°C was added an excess of 
C 6H, NC (0.3 ml, 2.5 mmol). The reaction flask was 
kept at 0°C for 4.5 hours during which time a clear 
golden-yellow solution was obtained. The volume of the 
solution was reduced to 15 ml and hexane (25 ml) was 
added. Cooling at_—20-C tor 12 hours) produced long 
golden needles. The solvent was decanted and the golden 
needles were then washed with pentane and dried ina 
stream.of.nitrogen. ield..0.25.70.,¢/02)). «jhurther 
addition of hexane to the supernatant solution and cooling 
produces only microcyrstalline product. The mass spectrum 


of the (C,H.) Ho (CoH) -C.H NC exhibits ions at m/e 443 


PL 
+ om 
PP) and. 334 6(P CH, ,NC) 2 


M=Lu, L=C,H, NC 


Tora SLUTTY: OL (C,H,) Lu(CgH,) - THF COV 050g. Oe2 
mmol) in 10 ml of toluene at room temperature was added 
CeH, {NC (07,0. 52,20. 2 snot) arated Wich 2) li Or 
foluene. After stirring at room temperature for 10 hours 


a clear yellow solution was obtained. The volume of 


paket am be 


‘Pioty. 


L herimend oe eee oe oe 
ET Ca aN Ss AR et ie 


EL he a ante ito Sit r - ttsem 8 


te) yam pitt 
Siw (iit aso Ste ab na. me a oe eur a 


My; 


Lab agbe bi a isk gy at Re! $6 ee 
eentey oy ‘Baath Sb th sai gee, aed ae 


Bg 3 ro Oe 
miatpade ‘aeam Sir 
EBS s\oilos eipod aye ie oH ano 
+o 5 e's , ’ ‘P. 
| ene sk neo 709 ss Py cone “Of 


‘ mreest OF, x8 ‘baughtean ee 


ie, 
| MOR ah 


} } ee Pa bee, und : ‘ef * sd 
\ Bo Bey LOM Sitka) +i pote iat oe Roe ny dr 
Af inhi ae Ms 


203. 


solution was then reduced See to ca. 2 ml producing 

a Slurry of the complex which was further dried by pass- 
ing a stream of nitrogen through the flask. a NMR 
(toluene-d,) : 66.19 ,(s,8H); 55.48 (Spo )isi C2. 200 (Mile SH) 
60.91 (m, 13H). Infrared spectrum of the yellow solid 
shows v(N-C) at 2197 cm +. 


The colors of mixed sandwich complexes are collected 


in Table 30. 


Bases that did not yield solid adducts 

An example follows which typifies the procedure 
used with the bases noted in Chapter III that did not 
yield solid adducts. 

TO; a Yapidly stirred slurry .of (C-H.) Ho (CoH,) COL is: 
g, 0.99 mmol) in 40 ml of toluene at 0°C was added NEt, 
(0.3 ml, 2.2 mmol). The contents of the flask were 
allowed to come to room temperature slowly and stirring 
was continued overnight. The volume of the yellow solu- 
tion was reduced to ca. 25 ml and hexane was added until 
a faint cloudiness resulted. Cooling at -20°C produced 
yellow crystals. The supernatant was removed with a 
syringe and the crystals were washed with hexane. They 
were then dried in a stream of nitrogen. The infrared 
spectrum of the yellow solid contained no other absorp- 
tion bands than those due to (C,H, ) Ho (CoHg) - Adding 


hexane to the supernatant resulted in the isolation of 
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more (C-H_) Ho (CgHe) - 


Reaction of (C.H.)Ho(C,Hg) with HgCl. 

TO at SOLULLONGCor (C,H, ) Ho (CoH,) - THF (OeGoe OG, Us. 2 
mmol) in 20 ml of THF was added HgCl. COS 27 eGipu Os b mmol) 
dissolved in THF (10 ml) at room temperature. The 
addition funnel and reaction flask were protected from 
the light using aluminum foil. The yellow THF solution 


developed a cloudiness as the HgCl. was added and within 


five minutes mercury metal was deposited. 


Reaction of (C-H-)¥ (CoHe) with UCL, 


To a bright yellow solution of (C.H_) ¥ (CgHg) * THF 


(0252 9, l.56 mmol) 2n 250ml of THF was added ‘at 0°C a 
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MHE SOLUtLON Of anhyarous UG. 072960 Go, 80273 mmol). 


4 
This immediately produced a color change to a deep green- 
brown. An aliquot was removed and its UV-visible spectrum 
was recorded. By comparison to the literature Safa eS 
the spectrum indicated that uranocene has been produced. 
After stirring the solution overnight at room temperature 
the solvent was removed tu vacuo and sublimation gave urano- 


cene which was further identified by its mass, Ty NMR and 


infrared spectra. 
Reaction of (CH. ) Ho (CoH, 5 


TO a SOLUGTOn OL (C,H. ) Ho (CoH) * THF (Ong Ou, 10.5 6D 


) with Fel 


mmol) in 20 ml of THF at room temperature was added a 


SOLmlcion OF Lom.) 10d1de. (0. 0U597G7 00. L392 mmole an 
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THF. After stirring for 4 hours at room temperature the 
solvent was removed tn vacuo and sublimation at 50°C/10-2 
mmHg gave orange crystals. Ferrocene was identified 


by its NMR in CS. and mass spectra. 


2 


Reaction of (C He) ¥(C H,) with Me.,SiCl 


5—5———8 —8 ———_———_ 3 

Freshly sublimed (C.H_) ¥ (CoH,) (OR03771(9,80.246 
mmole) was dissolved in 0.5 to 0.6 ml of pyridine-d, giving 
a deep yellow solution. It was transferred to a serum 
stoppered NMR tube and increments of degassed Me,Sicl were 
added using a 50 ul syringe (see Chapter III). The NMR 
tube was shaken for 10-15 minutes at room temperature 
followed by the recording of the NMR spectrum. Successive 


addition, of)0.-01]. ml, (0.086. mmol): 0. 01J. m1, 0.01.9. m1 


(0.149 mmol), and 0.029 ml (0.227 mmol) were made. 


Reaction of (C,H. ) Er (CoHe) with Me,Sicl 

To a solution of (C,H.) Er (CoHe) (02235. 63,000)..65, mmol) 
in 25 ml of THF was added Me,Sicl (Oe Oc? omiGunL<ts-emmnO.L) 
diluted.with 5 ml of THE.) The reaction was started, at 
0°C and then allowed to warm to room temperature overnight. 
A very small amount of pale orange precipitate was observed 
which was removed by filtration. The solvent was removed 
from the filtrate t” vacuo and the mass spectrum of the 
crude reaction mixture indicated CoH, (SiMe,) 5 as the 


only volatile product. The crude product was extracted 


with ether, the mixture filtered and after removing 
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the ether, sublimation at 50°C/107> 
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mmHg produced a 
white solid. The ~H NMR spectrum of this material in 
CDC1., was in agreement with the literature data for 
: ELL 
CoH, (SiMe,).- 
3. Synthesis of the Dinuclear Compounds, M. (CgHg) 3- 
To a rapidly stirred slurry of YbC1., (ti. 36.1, 6. 65 
mmol) in 45 ml of THF at -40°C was added a 0.266 M THF 


SOLUtC On Of: ikhec 3 7eStand ero .98r mmol) wa Atertherstart 


gle 
of the addition of the dianion the temperature of the 
cold bath was lowered to -60°C. Immediately the reaction 
mixture became deep blue. The cold bath around the 
reaction flask was kept at -60°C for 4 hours after 
addition was complete. The flask was then allowed to 
warm slowly to room temperature overnight. The contents 
of the flask were filtered leaving a mixture of KCl and 
Yb, (CoH) 3 on-the filter frit. The deep blue filtrate 
was cooled at -20°C to yield deep blue crystals of 
Yb> (CgH,) 3: The crystals gave negative chloride and 
potassium (flame) ion tests. The complex has identical 
(see Chapter IV) properties to the by-product Ybo(CgHe) 37 
obtained in the (C.H.) Yb (CgH,) synthesis, for which 
Aneel. Caled Tor Co 4H, ,Yb>: CUMNAS we) 0, 9. O07" 17 
52.55. Found: C, 43.52; H, 3.48; Yb, 51.96. 

The yellow Lu, (CgH,) 3 was isolated as the by-product 


from the (CoH) Lu(CgHg) preparation. ~Anal. Calcd for 
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C5 4H, ,bu,: CPrA3. SZ Hees ooy) Guy 5263) Pounds C, 


47590 2H ,--3 F442 u P5320 S Moly wt. "by-‘osmometry in 


pyridine Caled" 16G272 #Found = 308. 


eb (CH). 


The red to red-purple Yb (C,H,) complex was prepared 


26 


according to the method of Hayes and Thomas. The 


compound was obtained as a powder from a pyridine/hexane 
solvent mixture. The solvated pyridine was removed at 
110°c/10°° mmEg producing the same red complex. Anal. 


Caicd for CoHgYb: Coe oe OG mie. ot aD, 62.425 Found: 


Gn 42677 Hy 2a One bysnOe 50. 


4. Hydrotris (pyrazol-1l-yl) borate syntheses 
Starting, Macerials 


The KHBpz., compound was synthesized by the procedure 


3 


of rorimenkouL 


LiMe and C HoCH MgCl were obtained from Alfa-Ventron 


Corp. and were standardized by the acidometric double 


Pitration meenod ane or by the procedure of Watson and 


faechan employing s-butanol as titrant and 1,10-phen- 


antholine as a color indicator. Literature preparations 


were used to obtain Mg (CH,SiMe,) ."** and O—-itn1o—p-Cert— 


puty1-N,N-dimethylbenzylamine.**° 


M(HBpz 3) , 
M=Pr 


TO PrC1,-°7H,0 (0.29 g; 0.78 mmol) was added 20 ml of 
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distilled water. The Btion was filtered to remove a 
very small amount of undissolved material. The clear 
solution of Prcl, was added at a rapid drop rate toa 
stirred aqueous solution (20 ml) of KHBpz , LO. SOS i205 
mmol). A pale green precipitate formed immediately. 
Stirring was continued for 10 minutes and then the pro- 
duct was isolated by filtration. The pale green solid 
was washed with two 10 ml portions of water and then 
mir Orled., xielas Os5a 1d, 958. Anal. Calcd for 
C57H39B3N) Pr: C54. 256° Hye SecorNy g2232. Found: Cc, 
AGL) seo, 3.833 HN, al. m4. 

The La and Sm complexes were prepared similarly. 


See Table 31 for the color, yield, and analytical data. 


M=Er 


To. fre) °6H.O (0.36 g, 0.94 mmol) was added, 12 ml 


3 


of H.O and the solution filtered to remove a small amount 


2 
of undissolved material. The clear solution of ErCl. 
was rapidly added to a stirred aqueous solution (15 ml) 
of KHBpZ , 


immediately. The slurry was stirred for 10 minutes at 


room temperature and filtered. The pink solid was washed 


with two 10 ml protions of water and the complex air 


dried. The Er (HBpZ 3) 3 


Yield; 0:65 g, S6%.8 Anals*Calca tor C57H39B3N) gEr: 


@ (40.223 By 3.153 -Neeleet.) shOnnd= 6C 40543 ono S's 


(0.71. g, 2. Sammol). 8A pink precipitate formed 


was then crystallized from toluene. 
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N, 30.66. Molecular weight by osmometry in CeHe: Calcd 
S06; “Found? 792: 
The yttrium analogue was prepared in a similar manner. 
All subsequent reactions were carried out under an 


inert atmosphere. 


(HBpz ,) ErCl le DEE 


2 


TO avrapialy sstirrearsciurry of Ercl. (1.42. 9, 5.1 


3 
mmol) in 55 ml of dry THF at room temperature was added 
a solution of KHBpZ 3 Gees Ose oe mmoL) ine 45'mivo£r” PHF 
Stirring was continued overnight at room temperature. 
Precipitated KCl was removed by filtration. The volume 
Of the’ pink*fiitrate was"reducea™to ca.©25 mil” and*S°ml 
of dry hexane was added. Upon cooling at -20°C, light 
pink crystals were obtained. Yield; 1.45 g, 58%. Anal 
Caicd*for C1 5H5oBC15N,0) | ser: C, Seec lees oo, NG 

ES O02. “FOUNCs BePp toe tO Len yn So OT my we tn) Ole 


(HBpz BrCl THE. 


Aas 
TO a rapidly stirred siturry/or ErCl, COMMOTG 7 2s 
mmol) in 45 ml of dry THF at room temperature was added 
a solution of KHBpZ 3 Cies2o0G, oS ammod)) an Ooms. Ot. THE. 
The reaction mixture was stirred at room temperature 
Overnight and. filteredjto removewhel. ‘The pink’ filtrate 
was concentrated until a faint cloudiness appeared and 


then cooled at -20°C producing a light pink powder. The 


complex was separated by filtration and vacuum dried. 
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meetai a) ORG} Rove.) <AnalenCcaltca for C52H59B,C1EXN, 40: 


Sov th ees eelpe@o. UGS N, 23.98. Found: C, 37.51; 
Hy 4.29; SCL SPSE22 ; SNe 204 . 

The yttrium derivative was prepared in a similar 
PLR II 
OY: C, AL74Sy BH, S2R5370N, 4275008 “Found? “'cFP 41.68; 


manner with a yield of 60%. Anal. Calcd for C 
CIN, 


H, 4.44; N, 28.74. 


(HBpz 3) Er (CoH) 
To a rapidly stirred solution of (HBpz.,)ErCl,-1.5THF 
(OL78 gg, 1.4 mmol) in 30 mi ‘of THF at -50°C was added 


Slowly a 0.266 M solution of K (5.50m), 2.4 mmol). 


2acEs 
The CONtents Of the atasw wenveskepte ac ca.’ —30°C "for 

one hour after addition was complete and then allowed to 
apa slowly to room temperature overnight. Precipitated 
KCl was removed by filtration. Hexane (5 ml) was added 
to the reddish-pink filtrate. Cooling at -20°C produced 
pink crystals of (HBpz,) Er (CoH). These were separated 
by filtration and washed with hexane. Yield; 0.38 g, 
56%. “Anal. Calica tox C, 7H gBN,Er: (Ps oe Rae» ee ee aot 
Br 34533 N, LI. 38559 BOUnGie (Oregons ori, Si silves by 
Boo iN, LO. 6. 


The lutetium derivative was prepared similarly and 


purity ascertained by 7H NMR spectroscopy. 
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Reaction of (HBpz ,) ,YC1-THF etn O=lith#o=pstert—butyl— 
N,N-dimethylbenzylamine. 

TO a?rapidly “stirred slurry of (HBpz,) >YC1+THF 
(0:46 g, 0.74 mmol) in 30 ml of toluene was added a slurry 
of o-lithio-p-tert-butyl-N,N-dimethylbenzylamine (0.15 g, 
0.74 mmol) in 10 ml of toluene at room temperature. The 
reaction mixture was stirred overnight at room temperature 
producing a light yellow solution and a small amount of 
off-white precipitate. The precipitate was removed by 
filtration and the volume of the clear light yellow 
filtrate was concentrated to ca. 20 ml. Hexane was added 
until there appeared to be a faint cloudiness and the 
contents of the flask were cooled to -50°C. Crystalliza- 
tion could not be induced. The solvent was then removed 
itn vacuo giving a light yellow solid. A mass spectrum 
of this product gave the parent ion of Y(HBpz,) 3, an ion 
for the parent amine, and did not indicate the presence 
Of THE. | A ar NMR spectrum in Cede indicated the presence 
of the parent amine. Additional, weak, poorly resolved 
resonances were also apparent from 67.2-8.2. 

A similar pattern was followed in the other reactions 
noted in Chapter V between the Grignard or organolithio 
reagents and the hydrotris (pyrazol-l-yl) borato (chloro) 
complexes. Though the reaction appeared to proceed, 
evidenced by the dissolution of the starting lanthanide 


complex, products could not be crystallized and evaporation 
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of the solvent followed by mass and : 


H NMR spectral 
investigations gave no indication that the desired 


complex had been formed. 


De cynthesis of Pr (N"pr.) 4° THF 

Tofarrapidly Ssemeredeslurry ‘of Prcl, Coeur G7 O02 1 
mol) in 10 ml of hexane was added 65 ml of THF producing 
a light green solution in contact with undissolved 
PECL. “LORENGS PrCl, slurry was added, dropwise, 40 ml 


3 


Of THE solution of LiN’pr (6xn6 sO, OOO 2umo LL -at. room 


2 
temperature. While stirring at room temperature the 

color of the solution gradually changed from green to 
brown. After stirring overnight, the solvent was removed 
tn vacuo leaving a brown solid. The residue was extracted 
with 100 ml of pentane and LiCl was removed by filtration. 
Cooling at. -20°C for. 18 hours produced light yellow to 
yellow-green crystals and a brown film coating the bottom 
of the flask. The crystals were separated from the 
supernatant liquid by titration and redissotved in 40 ml 
of pentane. All but a small fraction of the crystalline 
material redissolved. After filtration, the clear 
solution was cooled at -20°C again producing light 

yellow crystals in contact with a brown film. Continued 
crystallizations from pentane produce more brown film 


with each operation, and lead to browner products which 


eventually are no longer) crystalline. The yellow-green 
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crystals which were formed Sear iy, and which are 
known to represent the purest form of the compound, have 
been used for physical measurements. Major metal 
containing ions in the mass spectrum were observed for: 
Pr(N*pr,) 4", Pr (N‘pr.) .* and Pr (N*pr5)*; other ions were 
observed for HN*pr.* and cis reme as The infrared spectrum 
displayed the following bands: 1352m, 1332w, 1308w, 
i262vw, Livjish, LL/0vw; lo07ovw, LO3sw-m, LO0Sw, 938w, 
910m,.905m, S2Z0w, 790w, cm! . The melting point was 
determined in a nitrogen filled capillary. The compound 
underwent a change in appearance at 47-50°C, and melted 
atnel/-69°C? Anals Calica - for CooHeQN3,0Pr: Cer oy, 4oM 

Hip eo Sls N76 6 sy, Ce POUNG: = Cm TOU. Ooi 29 uae) Ny Ger 2: 
roup was estimated by acid titration of 

unt pr 


2 following alkaline hydrolysis and distillation. 


Calcd? (58.54) Lound 2.06. 


Preparations of the Nd and Sm analogues were carried 


out in a similar fashion. The problems with isolation, 


as above, have been noted in Chapter VI. 
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